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   Abstract 
 
The effect of food waste (FW) co-digestion with wastewater biosolids (WWB) on 
microbial communities was investigated through running thirteen lab-scale digesters for 
100 days at different operational conditions i.e. organic loading rates (2 and 4 
kgCOD/m3·day), feed types (WWB and FW), and FW content (10%, 90%, 100%). 
Methanosarcina in FW digesters in contrast to Methanosaeta in WWB, Compared with 
mono-digestion of WWB, FW co-digestion enhanced biogas production by 13% and COD 
degradation rates by up to 101%. Among fermentative bacteria/acetogens, 
Syntrophomonas was the dominant genus in FW digesters in contrast to the dominance of 
Clostridium in WWB digesters. COD degradation rates and methane yields were well 
correlated with Bacteroidetes population. Methane production rate was well correlated 
with Clostridium for FW digesters, with syntrophs for WWB digesters, and with 
aceticlastic methanogens for both digesters. Synergism was associated with hydrolytic 
bacteria, Clostridium, Syntrophomonas, syntrophs, Methanosarcina, and 
Methanobacterium. The impact of biochar in anaerobic mono-digestion and co-digestion 
of FW with hydrothermally pre-treated and untreated thickened waste activated sludge 
(TWAS) was investigated by running ten lab-scale digesters for 153 days at different 
operational conditions i.e. organic loading rates (OLR of 2, 3, 4 and 8 kgCOD/m3·day), 
FW to pre-treated TWAS and untreated TWAS of 30% and 70% by volume respectively. 
Biochar was added to five reactors while the other five reactors served as controls. The 
presence of biochar enhanced methane production by 15%, between phase 1 (OLR 
2kgCOD/m3/d) to 89% in phase 4, (OLR 8kgCOD/m3/d) for 100%FW+biochar as 
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compared to the control. For untreated TWAS, methane production increased by 14% in 
phase 1 to 88% in phase 4, 4% in phase 1 to 92% in phase 4 for 100% pre-treated 
TWAS+biochar, 10% in phase 1 to 45%  in phase 4 for 30%FW+70% untreated 
TWAS+biochar and finally, 6% to 65% for 30%FW+70% pre-treated TWAS+biochar. 
This value is also consistent with percentage COD destruction efficiencies.  
Since there was no  evidence of ammonia and volatile fatty acids VFA inhibition in biochar 
added reactors throughout the study, adsorption tests  were done on acetic, butyric and 
propionic acids as well as ammonia chloride using 0.8g biochar for VFA analysis and 1.6g 
biochar for ammonia adsorption  in other to evaluate the adsorptive capacity of biochar. 
From the result, biochar showed good adsorption characteristics for both ammonia and 
VFA. The adsorption of acetic was less pronounced compared to butyric acid and propionic 
acid. The concentration of butyric acid was reduced from 1200mg/L to 240mg/L, propionic 
from 1200 mg/L to 405 mg/L, and the concentration of ammonia was also reduced from 
3000mg/L to 830mg/L, thus rationalizing the improved system performance at high 
loading rates. Throughout the study, the pH of the biochar added reactors was within the 
range of 7.2-7.8 without alkalinity supplementation.  
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Summary of Abstract for Lay Audience 
The effect of digesting food waste (FW) with wastewater biosolids (WWB) on microbial 
communities was investigated by running 13 oxygen-free bioreactors in the laboratory for 
100 days at different inflow rates (2 and 4 kgCOD/m3·day). FW and WWB were digested 
as a single substrate (mono-digestion) and as a combined substrates (co-digestion). Food 
waste was added to WWB by volume at ratios 10%, and 90%, compared with mono-
digestion of WWB, FW co-digestion improved methane production by 13% and organic 
matter degradation by up to 101%. The impact of biochar in anaerobic mono-digestion and 
co-digestion of FW with hydrothermally pre-treated, and untreated thickened waste 
activated sludge (TWAS) was investigated. Biochar enhanced digestion of pre-treated 
sludge digesters more by increasing the methane production by 92% at an organic loading 
rate of 8 kgCOD/m3·d in phase 4. Biochar reduced ammonia and volatile fatty acids (VFA) 
inhibition by reducing the concentration of butyric acid from 1200 mg/L to 240 mg/L, 
propionic acid from 1200 mg/L to 405 mg/L and ammonia concentration from 3000 mg/L 
to 830 mg/L. As the OLR increased, the impact of adding FW as co-substrate increased 
while biochar indicated an insignificant FW co-substrate effect. 
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     Chapter 1 
1.0  Introduction 
 
The degradation of organic matter by the consortium of different bacteria in the absence of oxygen, 
to produce biogas (mainly carbon dioxide and methane) is achieved through anaerobic digestion. 
Anaerobic digestion (AD) is an effective technology for eliminating organic matter (chemical 
oxygen demand-COD) in water and wastewater. AD can also be employed in reducing the volume 
of sludge, odor and pathogens. A group of archaea and bacteria convert the organic fractions in 
municipal wastewater into biogas, containing roughly 30% carbon dioxide and 70% methane. The 
biogas produced during anaerobic digestion process can be stored and used as source of fuel in 
cars and used in combined heat and power plants (CHP) to generate energy. However, the 
stabilized sludge that is produced can be used as fertilizer for agricultural purpose. As a result of 
an increase in energy demands and a decrease in the sources of fossil fuel, anaerobic digestion is 
generally used for renewable energy production. 
The composition of FW include dairy products, meat and vegetables and it forms the major 
component of municipal solid waste. In Canada, an estimated $31 billion of FW is produced 
annually. This is equal to a worth of about $868 FW produced per head every year (The Ministry 
of Environment and Climate Change 2018). In 2015, an estimate of 2.3 million tonnes of both 
organic and FW was transported to landfills in Ontario (Abbasi et al., 2012). FW is been broken 
down by natural AD processes to produce methane in the environment in which it is disposed, 
thus, impacting climate change. In 2015, the emission of greenhouse gases from the solid waste 
landfills amounted to 8.6 megatons of CO2 or roughly 5% of the total greenhouse gas emissions in 
2 
 
Ontario (Environment and Climate Change Canada, 2018). Thus, anaerobic digestion became a 
promising technology used for FW stabilization and its conversion to a renewable energy. Also, 
the digestate from AD of FW and wastewater sludge can be used for producing fertilizers (Zhang 
et al. 2011a; Ariunbaatar et al. 2014). Nevertheless, despite the essential benefit, the AD stability 
can be adversely affected  when food waste is utilized as a single substrate due to nutrient 
imbalances  which include high C/N ratio, lack of trace metals ( Fe, Mo, Zn etc.), high 
concentrations of macronutrients (K, Na), and high lipid content of about 5g/L and also a high 
composition variability, which depend on the source (Iacovidou et al., 2012; Zhang et al., 2014) 
Hence, co-digesting FW with municipal wastewater sludge has been reported to improve the 
digestion of sludge as well as increase energy production which facilitates energy neutrality in 
municipal wastewater treatment plants. 
 
1.1 Objectives of the present study 
This study is comprised of two parts: the first focussed on improving the understanding of 
microbial communities in co-digestion of FW and WWB to enable better process control and the 
second part addressed the use of biochar to control inhibition. 
The overall objective of the first study is to correlate microbial communities with digester 
operation and performance. The specific objectives of this study are: a- to perform detailed 
microbial characterization; b- correlate performance parameters to specific microbial groups; c- 
evaluate primary microbial shifts occurring under synergistic conditions; and d- to assess the 
impact of organic loading, and substrate types on microbial community.  
The overall objective of the second study is to evaluate the impact of biochar addition on anaerobic 
co-digestion and mono-digestion of food waste (FW) with pre-treated and untreated thickened 
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waste activated sludge (TWAS). The specific objectives are: a- to study the impact of biochar in 
mitigating VFA and ammonia inhibition, and b- to evaluate the impact of biochar on methane yield 
and system stability. The main aim of this study was to explore if biochar can be beneficial in 
mitigating the inhibition problems which often lead to system failure as reported by many 
researchers in literature (Deublein & Steinhauser, 2011; Fang & Chung, 1999; Kim et al., 2002; 
Ma et al., 2011; Song et al., 2004; Wang et al., 2014) 
 
1.2 Thesis structure 
This thesis follows the integrated manuscripts format of the School of Graduate and Post Doctoral 
Studies at Western.  
Chapter 1 explains the general overview of this thesis and the fundamental concept of the emerging 
technology used for recovering energy via anaerobic mono and co-digestion of FW with 
wastewater biosolids. It includes the summary of both the environmental and economic benefits 
which can be accomplished by employing this technology in water and wastewater treatment plants 
and the objectives of the present study. Chapter 2 discusses the basic principles and microbiology 
of AD as well as a thorough literature review on microbial community in anaerobic digestion, 
inhibition problems encountered the AD process, pre-treatment technologies and the importance 
of biochar in AD. Chapter 3 represent a research paper titled “Microbial communities in co-
digestion of food wastes and wastewater biosolids” published in Bioresource Technology. Chapter 
4 is a research entitled “The impact of biochar addition in AD mono-digestion and co-digestion of 
FW with pre-treated and untreated TWAS, under preparation for submission in a referred journal. 
In conclusion, Chapter 5 gives a brief summary of the outcome of this research work and 
recommendations for further research.  
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Chapter 2 
 
2.0 LITERATURE REVIEW 
2.1 Anaerobic digestion and biogas production 
Anaerobic digestion produces biogas as a renewable energy source. Anaerobic digestion is a 
process whereby complex biodegradable organic matter is broken down by consortium group of 
microorganisms in the absence of oxygen (Kim et al., 2017). AD is used for the treatment of 
wastewater; it can also be used to stabilize organic waste (Desai & Madamwar, 1994). One of the 
end products of anaerobic digestion of biodegradable organic matter is the production of methane 
gas. The biological degradation of organic wastes via AD is of great advantage for the conservation 
of the environment.  
In figure 2-1 below, Lantz et al., (2007) demonstrated the different types of organic wastes 
amenable for AD and also various possible ways of using the energy generated. 
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Figure 2-1: Summary of the use of AD processes in Sweden (Lantz et al., 2007)  
 
 
 
As shown from the figure above, the possibilities are enormous, with a low value energy available 
for heating, either within the treatment plants or outside, producing electricity or renewable fuel 
for automobiles.  
 
2.2. Stages of Anaerobic digestion processes 
Anaerobic digestion of biodegradable organic matter is comprised of four sequential steps namely; 
(1) hydrolysis, (3) acidogenesis, (4) acetogenesis and (4) methanogenesis. These processes are 
shown in figure 2-2 below  
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Figure 2-2: Stages of anaerobic digestion process (Gujer & Zehnder, 1983) 
 
2.2.1. Hydrolysis 
 This is the first step in the anaerobic digestion process in which microbial cultures breakdown 
complex polymers into easily digestible monomers. Since bacteria generally cannot utilize the 
particulate fraction of organic matter, these organics are then degraded into soluble monomers. 
During this process, the fermentative bacteria transform the complex organic compounds which 
include lipids, carbohydrates, and proteins into fatty acids, sugars, and amino acids (Lantz et al., 
2007). The end products of hydrolysis rely on the type of the compounds that are hydrolysed; 
complex organic polymers are broken down into simple monomers by the secretion of  enzymes 
such as cellulases, lipases, and proteases. Also, during this process, polysaccharides, proteins, 
nucleic acids, and lipids are  hydrolysed to monosaccharides, amino acids, pyrimidines, purines 
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and fatty acids respectively.  The enzymes that take part in this processes are lipases, that 
breakdown fats, proteases, which breakdown proteins and cellulases, which breakdown cellulose. 
Many factors can affect the hydrolysis rate of  organic materials. To cite an example, larger 
particles having a low ratio of surface area-to-volume, would show a much slower rate of 
hydrolysis when compared with smaller particles.  The hydrolysis of protein, cellulose and starches 
will occur at a different rates and non biodegradable organic matter like lignin or waxes will reduce 
the rate of hydrolysis of particulate matter which they are linked with (Gujer and 
Zehnder, 1983). Hence, the hydrolysis stage in AD may, in some conditions be the rate limiting 
step. This happens especially when there is degradation of high concentrations of particulate 
organic matter. In other to prevent this problem as well as improve the hydrolysis step, chemical 
and mechanical pre-treatment methods can be applied.  
 
2.2.2. Acidogenesis 
In the acidogenesis stage, the end products of hydrolysis such as fatty acids, sugars, and amino 
acids are used as substrates for fermentation. These products are then converted into volatile fatty 
acids, carbon dioxide, hydrogen, and alcohols. Hydrogen sulfide (H2S) and ammonia (NH3) are 
also produced as by-products (Gujer & Zehnder, 1983). The major acids that are produced during 
acidogenesis stage are acetic acid (CH3COOH), butyric acid (CH3CH2CH2COOH), ethanol 
(CH2H5OH), and propionic acid (CH3CH2COOH). Acetate and hydrogen produced at this stage 
are been converted to useful products at the final stage, while some other end products which serve 
as intermediate degradation products also undergo further process known as acetogenesis (Gujer 
& Zehnder, 1983; Henze, 2008). The end products of the degradation of protein and sugars are the 
carbonic acids and the volatile fatty acids; hence, this step is also referred to as acidogenesis. Table 
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2-1 presents a summary of the various sub-reactions in sucrose acidogenesis. There exists an 
indirect connection between the Gibb’s free energy of the reaction and the prevailing concentration 
of hydrogen (Lier et al., 2008). Assuming the hydrogenotrophic methanogens utilized hydrogen 
rapidly, then acetate will become the major final product. Again, in case the methanogens 
mentioned above are inactive and there is accumulation of hydrogen, then the reactions tend to 
shift in the direction of the production of butyrate, propionate, alcohols and lactate. 
 
 
 
Table 2-1. Sucrose Acidogenesis. The Gibb’s free energy ΔGo ′ is given at 25°C (Lier et al., 
2008). 
 
 
Among all the anaerobic digestion processes, the acidogenesis stage has highest value of Gibb’s 
free energy (Lier et al. 2008), this is why the conversion process in acidogenesis stage is rapid. 
Therefore, there is a likelihood of sudden drop in pH as a result of AD digesters overloading. The 
presence of acids neutralises alkalinity, the pH drops gradually hence increasing the concentration 
of VFAs which inhibits the performance of the methanogens. This process in turn, leads to rapid 
accumulation of VFAs and a sudden drop in pH. Acetogens and acidogens comprises 
Reactions G’(kJ/mol) 
C12H22O11 + 9H2O  4CH3COO- + 4HCO3- + 8H+ + 8H2 -457.5 
C12H22O11 + 5H2O 2CH3CH2CH2COO- + 4HCO3- + 6H+ + 4H2 -554.1 
C12H22O11 + 3H2O  2CH3COO- + 2CH3CH2COO- +2HCO3- +6H+ 2H2 -610.5 
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Bacteroidetes, Firmicutes, and Clostridia. This group of microorganisms is also known to carry 
out hydrolysis (Shahriari et al., 2013). 
2.2.3. Acetogenesis 
The end products of acidogenesis such as short chain fatty acids are converted to carbon dioxide 
(CO2), hydrogen (H2) and acetate. Table 2-2 below, shows how the reactions of butyrate, 
propionate, methanol, ethanol, lactate, CO2 and H2 are converted to acetate. Propionate and 
butyrate are known as the most significant intermediate products during anaerobic digestion (Lantz 
et al., 2007). High concentrations of hydrogen in an AD digester inhibits the activities of hydrogen 
producing acetogens. For example, the positive Gibb’s free energy ΔGo ′ of acetogenic conversion 
for butyrate, propionate, palmitate and ethanol, indicates that these reactions are 
thermodynamically not favourable. Therefore, it is expected that there exists a balance between 
hydrogen producing acetogens and hydrogen consuming methanogens in order  to sustain a low 
hydrogen partial pressure and also for the reactions mentioned above to happen (Lier et al., 2008). 
This implies that the degradation of long chain fatty acids strongly relies on the electron accepting 
methanogens.  
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Table 2-2.  Acetogenesis reactions with their respective Gibb’s free energy (ΔGo ′) which 
occur at 1 atm pressure, neutral pH and 25oC  (Lier et al., 2008) 
 
 
 
2.2.4  Methanogenesis 
In the last stage of AD process, the methanogens utilize hydrogen as electron donor to reduce 
acetate and CO2 to methane. It is the final stage of anaerobic digestion process and the only stage 
through which COD removal occurs through gas emission, which is highly immiscible in water 
and its concentration gradually decreases in the reactor. The methanogens are the main archaea 
group and are usually classified into two major groups: the hydrogenotrophic methanogens also 
known as the hydrogen reducing methanogens and the aceticlastic which are the acetate reducing 
methanogens  (Lier et al., 2008) (Table 2-3). 70% of CH4 generated originates from acetate. The 
reason is the low concentration of H2 present in the digester, the remaining 30% results from CO2 
and H2. As discussed above, methanogens can be grouped into aceticlastic and hydrogenotrophic 
methanogens.  Methanoregula, Methanobacterium, Methanomicrobiales, Methanoculleus, 
Compound Reaction G’(kJ/mol) 
Lactate CH3CHOHCOO- + 2H2O  CH3COO- + HCO3- + H+ + 2H2 -4.2 
Ethanol CH3CH2OH + H2O  CH3COO- + H+ + 2H2 +9.6 
Butyrate CH3CH2CH2COO- + 2H2O  2CH3COO- + H+ + 2H2 +48.1 
Propionate CH3CH2COO- + 3H2O  CH3COO- + HCO3- + H+ +3H2 +76.1 
Methanol 4CH3OH +2CO2  3CH3COOH +2H2O -2.9 
Hydrogen-CO2 2HCO3- + 4H2 + H+  CH3COO- +4H2O -70.3 
Palmitate CH3 (CH2)14COO- + 14H2O  8CH3COO- + 7H+ +14H2 +345.6 
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Methanothermobacter, Methanospirillum and Methanosphaerula, are all examples of 
hydrogenotrophic methanogens while Methanomicrobium, Methanosarcina, Methanosaeta and 
Methanobrevibacter are classified as aceticlastic methanogens (Ling et al. 2017). 
 
Table 2-3: The reaction related to methanogenic activities with their respective Gibb’s free 
energy occurring at  25°C (Lier et al., 2008) 
 
Functional step     Reactions  ∆Go’(kJ/mol) 
Acetotrophic methanogenesis    CH3COO-+ H2O → CH4 + HCO3- +2H2 -31 
Hydrogenotrophic methanogenesis  CO2 → 4H2 → + CH4 + 2H2O  -131 
 
 
2.3. Methane production in relation to COD 
COD which denote the chemical oxygen demand is one of the important water quality parameters 
during AD in that it presents the theoretical CH4 production potential from biodegradable organic 
materials. It can be represented as: 
Heat + Organic matter → CO2+ CH4 + H2O + energy    2.1 
The COD is essential in determining the energy strength of an organic material. The energy and 
oxygen demand on both the right-hand side and left-hand side of the equation above must be 
balanced. The energy produced during the AD process is usually stored in the form of methane 
(Desai & Madamwar, 1994).  
CH4 + 2O2 → 2H2O + CO2 + heat   2.2 
Moreover, when working with a real waste, the most commonly used term is the volatile suspended 
solids (VSS). The connection between COD and VSS was reported in the range of 1.14 and 
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1.66mgCOD/mgVSS through determining the biomass COD by subtracting the soluble COD from 
the total COD of samples that is based on the sludge analysis gotten from 11 lab scale treatment 
plant (Contreras et al., 2002). It has been reported that the relationship that exist between VSS and 
COD in WAS is 1.48mgCOD/mgVSS irrespective of SRT or sludge age (Mara & Horan, 2003). 
AD commonly occurs under two major temperature conditions which are; mesophilic and 
thermophilic conditions, although, it was previously reported that AD can occur under 
psychrophilic temperatures, that is temperatures less than 20 ⁰C (Bouallagui et al., 2003). The 
optimal temperature of mesophilic condition is  35 ⁰C while that of thermophilic condition is  55 
⁰C as shown in Figure 2-4 (Ward et al., 2008). 
 
 
 
 
Figure 2-3. Thermophilic and mesophilic temperature for AD. The peak denotes the 
optimum temperature in which the rate of AD occurs rapidly (Henze 2008). 
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Ward et al., (2008) reported that a slight temperature change of 1 ⁰C can affect biogas production 
rate.   Previous studies reported a contradictory result on which temperature condition is better 
between thermophilic and mesophilic temperature in respect to the COD removal efficiency, 
energy recovery and biogas yield. Gannoun et al., (2007) compared the AD of abattoir wastewater 
and olive mill at mesophilic and thermophilic temperature and concluded that digester operated at 
thermophilic temperature displayed a high biogas yield and COD removal efficiency than the 
digester operated at mesophilic temperature. Hegde and Pullammanappallil, (2007) who studied 
the digestion of wood chips and vegetable waste under thermophilic and mesophilic conditions, 
recorded a biogas yield of about 90% after operating for 11 days under thermophilic temperature 
and requires 27 more days to achieve virtually the same quantity of methane yield. Moreover, it 
has been reported that digesters operated at mesophilic condition yield a high degradation rate. 
Fang and Chung, (1999) compared the degradation efficiency of proteinaceous wastewater at 
mesophilic 37 ⁰C  and thermophilic temperature 55⁰C and reported a COD removal efficiency of 
84% at mesophilic condition while the COD removal efficiency achieved at thermophilic 
temperature ranges from 69-83%. Parawira et al., (2007) conducted a research to compare two-
stage digesters, digesting potato waste at different temperatures either at mesophilic-thermophilic, 
mesophilic-mesophilic and thermophilic-thermophilic respectively. The aforementioned study 
indicated that mesophilic conditions in the second stage showed a higher biogas yield than 
thermophilic second stage. 
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Table 2-4. Maximum growth temperature conditions for some methanogens (Ward et al., 
2008) 
 
 
 
 
 
 
From Table 2-4, the optimum temperatures required for methanogenesis falls within the range of 
temperatures previously mentioned above. Therefore, these temperature conditions may not be 
optimal for the other phases of AD. 
 
 
 
 
 
 
 
 
 
 
 
Temperature range Genus Optimal temperature (C) 
Mesophilic Methanobacterium 37-45 
 Methanobrevibacter 37-40 
 Methanosphaera 35-40 
 Methanolobus 35-40 
 Methanococcus 35-40 
 Methanosarcina 30-40 
 Methanocorpusculum 30-40 
 Methanoculleus 35-40 
 Methanogenium 20-40 
 Methanoplanus 30-40 
 Methanospirillum 35-40 
 Methanococcoides 30-35 
 Methanohalophilus 35-45 
   
Thermophilic Methanohalobium 50-55 
 Methanosarcina 50-55 
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2.4 Factors impacting the performance of anaerobic digestion  
2.4.1 Overview 
The environment in the anaerobic reactor should favour the growth of bacteria in other to ensure 
an optimum performance (Deublein & Steinhauser, 2011). Hence, a variety of important 
parameters should be monitored and most necessarily the requirements for a sustainable 
environment of methanogenic bacteria must be met with extra care, since these bacteria are 
environmental sensitive, and their growth rate is low (Weiland, 2010). The important operational 
parameters include temperature, pH,  type of substrate, and its composition (Zhang et al., 2014).  
 
2.4.2  Temperature  
Anaerobic digestion is commonly operated under two conditions; thermophilic condition (45-
60°C) and mesophilic condition (35–42 °C) because different microorganism strive under two 
optimum temperature (Weiland 2010). Methanogens diversity is optimum under mesophilic 
conditions, and the thermophilic process is highly sensitive to sudden changes in temperature 
(Deublein & Steinhauser 2011; Weiland, 2010). High degradation of organic matter has been 
reported to occur under thermophilic temperature (Kim et al., 2002),  which improves methane 
yield and pathogen destruction (Song et al., 2004). In contrast, mesophilic temperature is better 
when it comes to process stability  because microorganisms are insensitive to the changes 
Comment updatedin the environment (Zhang et al., 2014). The energy balance at mesophilic 
temperature is better and also decreases the risk of ammonia inhibition as a result of low free 
ammonia release (Deublein & Steinhauser, 2011). 
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2.4.3  pH 
Biogas production usually occurs between pH range 6.5-8.5 (Weiland 2010). If pH drops below 
6.0 or increases beyond 8.5, the AD process and microbial activities will be inhibited which leads 
to low methane yield (Weiland, 2010). The pH is affected by the fermentation products which 
cause free hydrogen ions to be released into the solution, such as in the acidification of fatty acids, 
hydrocarbons, and proteins (Deublein & Steinhauser 2011). Natural buffer that resists changes in  
pH is primarily from carbonates and ammonia. Bicarbonate buffer averts very strong acidification 
while ammonia buffer causes very strong basification (Deublein & Steinhauser 2011; Ward et al. 
2008). Overloading of the two buffering systems can occur due to feeding acidic or extremely 
toxic substances, reduction in temperature and excessive loading rates (Song et al., 2004). When 
there is a sudden increase in pH, it can be due to the accumulation of ammonia whereas when the 
pH decreases, it can be due to the accumulation of VFA (Weiland, 2010). Normally, acidification 
signifies the accumulation of butyric, acetic, valeric, and propionic acidss (Fang & Chung, 1999). 
 
2.4.4  Type of substrate and composition 
Fats, carbohydrates, cellulose, proteins, and hemicellulose can be used as substrates in AD 
(Weiland 2010). The degradation rates rely on substrate composition (Deublein & Stein-hauser 
2011). For example, the degradation of lignified organics such as wood is very slow, and they are 
not a suitable substrate for AD (Weiland 2010). On the other hand, the degradation of short chain 
carbohydrates and sugars occurs within 20 days while the degradation of organics rich in 
hemicellulose and cellulose may take more than 20 days (Parawira et al., 2007). Various substrates 
generate varying quantities of methane gas and this can be evaluated via biomethane potential test 
19 
 
(BMP) (Ward et al. 2008). The substrate composition   is very important because microorganisms 
require micronutrients, macronutrients (such as carbon nitrogen phosphorus and sulphur) and trace 
nutrients (Deublein & Steinhauser 2011). Substrate imbalances negatively affect microorganism 
metabolism (Rattanapan et al., 2019). C:N ratio is used to evaluate the optimum nutrient balance 
since carbon and nitrogen are the most useful macronutrients in the system (Wang et al., 2014).  It 
is advisable to ensure a C:N ratio of 15:1–25:1 (Weiland 2010).  When this ratio is too low, it can 
lead to inhibition due to accumulation of ammonia while a high C:N ratio decreases the 
concentration of nitrogen availability for the microorganisms (Deublein & Steinhauser 2011).  
 
2.4.5  Operational parameters 
The relevant parameters are solids retention time (SRT), reactor type, mixing and organic loading rate 
(OLR) (Hegde & Pullammanappallil, 2007). Digesters are grouped into continuously fed digesters and 
batch systems. The digesters are filled initially, and no feedstock is added or withdrawn until the solid 
retention time elapses, while in continuously-fed systems, the digester are fed continuously, and a 
known amount of substrate is withdrawn out of the digester regularly (Deublein & Steinhauser 2011). 
 The OLR is known as the recommended daily feedstock added inform of VS or TS per volume of the 
digester. When considering capital cost and for high biogas yield, a high OLR is recommended (Ward 
et al. 2008), however, the OLR should be realistic to avoid digester overloading (Hegde & 
Pullammanappallil, 2007). 
SRT dictates how long a particulate substrate stays in the digester before leaving the digester in the 
form of digestate (Abbasi et al., 2012). The SRT should be extended enough to accommodate 
methanogenesis to prevent methane losses (Deublein & Steinhauser 2011). The recommended SRT is 
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between 15–20 days and even more may be needed, depending on feedstock degradation rate (Deublein 
& Steinhauser 2011). Mixing is sometimes employed to ensure effective transfer of organics for the 
activity of biomass to produce gas bubbles and also to avoid sedimentation of denser organic materials 
(Ward et al., 2008).  
 
2.5. Food waste anaerobic co-digestion  
Anaerobic co-digestion of food waste (FW) with municipal wastewater biosolids is beneficiary in 
improving biogas yield (Iacovidou et al., 2012; Koch et al., 2016). However, FW mono-digestion 
leads to a prolonged inhibition as a result of the inequities in terms of nutrients (Zhang et al., 2014), 
trace element deficiency (Fe, Zn, Mo) and high concentration of macronutrients 
(Pullammanappallil et al., 2001; Zhang et al., 2011). The presence of high lipid concentration in 
FW leads to inhibition in AD (Zhang, et al., 2013). Thus, quite a few researchers conducted studies 
on anaerobic co-digestion of FW (El-Mashad & Zhang, 2010; Li et al., 2009; Marañón et al., 2012; 
Zhang et al., 2013). Zhang et al., (2013) reported that the co-digestion of FW and cattle manure 
enhanced both the optimum recommended OLR of 10 kg VS/m3-d to 15 kg VS/m3-d and also 
improved biogas production   by 55.2% in a semi-continuous digester. Li et al., (2009) also carried 
out the co-digestion of cattle manure with food waste and reported a 44% increase in methane 
production. Co-digestion of cattle manure and food waste provided a nutrient balance as well as a 
steady environment that promote biogas yield in AD (El-Mashad & Zhang, 2010; R. Li et al., 
2009). However, higher biogas production can be attained via the addition of lipids in food waste 
co-digestion, due to lipids high biodegradability (Zhang et al., 2014) and its high biogas yield 
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potential of 0.9LCH4/gTS to 1.4 LCH4/gTS  at about 65% - 70% CH4 content (Alves et al., 2009; 
Aziz et al. 2011)   , 
It has been reported in literature that the co-digestion of other organic waste food waste greatly 
enhanced biogas production and CH4 yield as demonstrated in Table 2-5.  Table 2-5 summarizes 
various studies that reported the positive effect of anaerobic co-digestion in both full scale 
continuously fed systems and lab scale using various of co-substrates that include: organic fraction 
of municipal solid waste (OFMSW) and food waste. Dai et al., (2013) who operated a mesophilic 
digester treating different ratios of wastewater biosolids and FW, starting from 0% to 100% (w/w 
VS) at an SRT of 8 days, 12 days, 16 days, 20 days, and 20 days reported that methane yield and 
volatile solid destruction was enhanced from 0.24 LCH4/gVSSadded to 0.62 LCH4/gVSSadded and 
38% to 86% respectively. Sosnowski et al., (2008) reported an increased in specific biogas yield 
(LCH4/gVSSremoved) from 0.32 to 0.44 as 25% of primary sludge (PS) and thickened waste 
activated sludge (TWAS) was added to FW based on volume. Likewise, Fitamo et al., (2016) 
reported that methane yield (LCH4/gVSSadded) increased by 1.5 times when the FW concentration 
in the digester increased on VS basis from 0% to 90%.  The co-digestion of FW and WWB in full 
scale digesters at an OLR of 2 kg/m3/d and SRT of 15 days – 20 days increased the methane 
production by three folds compared to the mono-digestion of WWB (Aichinger et al., 2015). 
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Table 2-5: Continuous-flow FW and wastewater treatment biosolids co-digestion studies 
Co-
substratea 
System 
type 
Co-substrate and Biosolids 
mixing ratiob (Volume basis 
except where stated otherwise) SRT 
C/N 
ratio Tempc SMP(LCH4/gVSremoved)d 
VS 
removal 
(%) OLR (kgVS m3/d) 
Methane 
yield(LCH4/gVS 
added) Ref 
OFMSW 
Full-scale 1 100:0 N/A N/A 35 N/A N/A 1.17 N/A 
Aichinger 
et al., 
(2015) 
 54:46 28.7 N/A 35 N/A N/A 2.18 N/A 
         
Full-scale 2 100:0 N/A N/A 35 N/A N/A 1.69 N/A 
 85:15 27.7 N/A 35 N/A N/A 1.98 N/A 
          
FW 
Lab scale 
(CSTR) 
100:0 N/A N/A 35 N/A 53(52) 5.33 N/A 
80:20 N/A N/A 35 N/A 55(57) 6.66 N/A 
           
FW 
Lab scale 
(CSTR) 
100:0 8-30 
6.7-7.8 35 0.59-0.62 26.8-
38.2 
4-13.4 0.61-0.24 
Dai et al., 
(2013) 
71:29 8-30 8.5-9.0 35 0.54-0.59 39.7-51 4.6-15 0.22-0.30 
47:53 8-30 
9.6-
10.7 
35 0.54-0.56 52.2-
62.2 
5.1-17.8 0.29-0.35 
29:71 8-30 
10.2-
12.5 35 0.51-0.57 59.2-70 6-18.5 0.3-0.4 
0:100 8-30 
11.2-
14.8 35 0.51-0.54 
74.1-
86.1 6.4-21.8 0.38-0.47 
           
FW 
Lab scale 
(CSTR) 
67:23 4.2-33.3 13 35 N/A 48-62 1--8 0.23-0.26 
Gou et al., 
(2014) 67:23 4.2-33.3 13 
45 N/A 46-68 1--8 0.23-0.3 
67:23 4.2-33.3 13 55 N/A 44-75 1--8 0.23-0.4 
           
OFMSW Pilot scale 
100:0 22 13 37 N/A N/A 1.22 0.09 Cavinato 
et at., 
(2013) 
50:50 24 28 37 N/A N/A 1.6 0.21 
50:50 22 28 55 N/A N/A 1.66 0.3 
 
            
OFMSW 100:0:0 30 N/A 55 N/A N/A 0.62-0.65 0.29 
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Lab scale 
(CSTR) 
10:67,5:15.7:6.75 10,15,20,30 
N/A 55 N/A N/A 2.55,3.91,5.04,7.79 0.42-0.43 
Fitamo et 
at., (2016) 
10:45:31.5:13.5 10,15,20,30 
N/A 55 N/A N/A 2.25,3.74,4.99,7.57 0.32-0.39 
 
          
KW 
9M3 
CSTR+14m3 
semi UASB 
0:100 30 24.5 56+36 N/A N/A 2.76 
0.22 Sosnowski 
et al., 
(2003) 
100:0 62 8.16 56+36 N/A N/A 0.67 0.18 
75:25 28 14.2 56+36 N/A N/A 3.1 N/A 
40m3 semi 
UASB 
100:0 35 9.3 56 N/A N/A 0.39 N/A 
 75:25 38 14.2 56 N/A N/A 1.5 N/A 
           
FW Lab SBR 
60:40 8 N/A 35+35 N/A 42 3.5 0.18 Kim et al., 
(2011) 60:40 7 N/A 55+35 N/A 45 6.1 0.2 
           
Synthetic 
OFMSW 
Lab scale 
(CSTR) 
100:0/80:20/60:40/40:60/20:80 15 N/A 
55+35 
N/A 
47.5-
71.6 
1.5-3.5 0.30-0.42 
Schmit & 
Ellis, 
(2001) 
100:0/80:20/60:40/40:60/20:80 15 N/A 
55+35 
N/A 
39.6-
69.3 
1.5-3.8 0.28-0.33 
           
KW 
40m3 
Bioreactor 
0:100 N/A N/A 35 0.23 N/A N/A N/A Sosnowski 
et al., 
(2008) 100:0 N/A N/A 35 0.32 N/A N/A N/A 
  
         
FW Full scale 
54:46:0 40 8.8 33 N/A N/A N/A 0.31 Koch et 
al., (2015) 55:35:10 40 17.7 33 N/A N/A N/A 0.39 
 
  
          
           
FW 
Lab scale 
(CSTR) 
25:75 50 12.9 35 0.67 65.6 2.4 0.41 Liu et al., 
(2012) 25:75 33 12.9 36 0.61 62.6 3.6 0.38 
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25:75 25 12.9 37 0.67 64.5 4.8 0.43 
25:75 20 12.9 38 0.62 64.9 6.0 0.39 
 
 
a. Dai et al., (2013): lunchroom (meat, vegetables, rice and oil  
Schmit and Ellis, (2001): dry weight yard waste 26%+ paper product 60%+ FW 14% 
Fitamo et al., (2016): Food waste (university cafeteria) +agricultural waste (recycling centre and garden waste) and grass 
Cavinato et al., (2013): FW mixture from communities (restaurants, supermarkets and canteens) and discretely collected 
biowaste from household) 
Sosnowski et al. (2008, 2003): KW (kitchen waste, 10% wt pasta and rice, 5% bread, 55% potato, 2%paper, 28% fruit and 
vegetables  
Kim et al., (2011): lunchroom from academic institute/ Guo et al., (2014): university lunchroom/ Liu et al. (2012): student 
canteen. 
b. Dai et al., (2013): dewatered sludge; based on VS, FW w/w 
Koch et al., (2016): FW:PS: TWAS (TS basis) 
Fitamo et al., (2016): Grass clipping: FW: Garden waste (VS basis): sludge 
Liu et al., (2012): sludge; vegetable and fruit waste (TS basis) + fruit+ FW 
Sosnowski et al., (2008, 2013): OFMSW volume basis; mixed sludge (TWAS+ PS) 
Schmit & Ellis, (2001): OFMSW (w/w basis):PS 
Gou et al., (2014): FW (base on TS): TWAS 
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Aichinger et al., (2015): two different full-scale test mix ratios were evaluated using 
increase in volatile solid loading before and after making use of organic wastes   
Cavinato et al., (2013): OFMSW: WAS (the mixture base is uncertain) 
Kim et al., (2011): FW: sludge (based on VS) 
c. In the case of Aichinger et al., (2015), figures within the brackets denote COD removal 
d. Aichinger et al., (2015) who studied two full scaled tests reported an enhancement in 
specific methane production which is 1.59-2.87 times higher in co-digestion as compared 
to mono digestion of sludge LCH4/gVSS/day in the case of Sosnowski et al., (2008). 
 
 
 
2.6. Pre-treatment of Waste Activated Sludge  
Municipal wastewater treatment plants generate primary sludge and biological sludge i.e. WAS. 
Primary sludge is readily hydrolysable, however, in other to accelerate the hydrolysis of TWAS, 
various methods were. Most common pre-treatment methods are chemical, thermal (Duong et al., 
2011), ultrasound (Marañón et al., 2012 ;Zhang et al., 2013), mechanical grinding (Nah et al., 
2000), chemical, microwave (Shahriari et al., 2013), or using the combination (Kumar et al., 2009; 
Vavouraki et al., 2013), as well as biological pre-treatment (Gonzales et al., 2005). The 
composition of food waste residue consists of lignin, carbohydrate polymers (hemicellulose, starch 
and cellulose), other organics such as proteins, acids and lipids (Vavouraki et al., 2013). Protein 
and carbohydrate polymers are in solid form which include meat, rice and vegetables (Vavouraki 
et al., 2013). 
 
2.6.1  Sludge Pre-treatment by thermal hydrolysis  
In thermal hydrolysis, temperatures as high as 130oC – 180oC, optimum SRT of 12 – 15 days, and 
pressure within the range of 5-8 bar can cause disruption of the microbial cell walls (Kumar et al., 
2009). The performance of AD is enhanced when sludge is readily available via protein hydrolysis 
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and longer chain polymers decoupling. Thermal hydrolysis process is capable of decomposing and 
fragmenting a substantial fraction of the sludge’s solid portion into simpler molecules and soluble 
fraction (Haug et al., 1983; Williamson & McCarty, 1976). From the literature, after thermal 
hydrolysis process, AD can achieve up to 55-60% volatile solids reduction (Jolis, 2008). Thermal 
hydrolysis is highly to improve sludge dewaterability (Kepp et al., 2000). Many authors (Kumar 
et al., 2009; Ma et al., 2011; Nah et al., 2000; Shahriari et al., 2013; Vavouraki et al., 2013; Wang 
et al., 2014) have done an extensive work on the impact of treatment by thermal hydrolysis on the 
properties and structure of sludge. However, most of the studies reported that pre-treatment by 
thermal hydrolysis has a relatively positive effect on AD, with the condition under which 
hydrolysis occurred i.e. under high temperature usually between 160oC to 180oC and pressure 
between 120 – 130 psi, playing an important role in deciding the process efficiency.  Thermal 
hydrolysis efficiency is at optimum under the recommended conditions as stated above otherwise, 
if the process is operated below the standard temperature and pressure, the likelihood of achieving 
the desired result will be altered (Bishnoi, 2012).  It was also revealed that at an optimum 
temperature of 100oC-180oC disrupt the cell walls which makes protein readily available during 
biological disintegration (Müller, 2001). Gavala et al., (2003) carried out a research on the factors 
that can impact the performance on thermal hydrolysis process and reported that the optimum SRT 
and temperature, depend on the properties of the sludge: the tougher it is to hydrolyse a sludge, 
the greater the intensity of the type of pre-treatment that will be required i.e. it is easier to hydrolyze 
TWAS compared with primary sludge (PS) due to the differences in their composition  because 
TWAS is composed of lignocellulosic materials which build it resistant to degradation (Kumar et 
al., 2009; Nah et al., 2000; Pilli et al., 2015).  
27 
 
Some commercial methods have been proposed based on pre-treatment by thermal method. 
Norwegian company Cambi Inc. established a process based on thermal hydrolysis. The 
solubilization of solids of about 30% was stated (this depends on the characteristics of sludge that 
is being processed) at 180oC for a 30 min treatment. The company (Cambi.no) reported an 
associated improvement in biogas yield by about 150%. A related thermal pre-treatment was sold 
by solubilization of approximately 30% was reported (dependent on the type of sludge being 
processes) for a 30 min treatment at 180oC. An associated increase of biogas production by 150% 
is reported by Kruger Inc. as EXELYS, a secondary to Veolia Water. When related with a 
conventional digestion, thermal pre-treatment provides about 30-40% reduction in sludge that is 
available for disposal, a decrease in carbon footprint, about 50% increase in capacity and about 
20-40% more methane yield (Abu-Orf & Goss, 2014).   
 
2.6.2  Thermal pre-treatment by CAMBI method  
As represented in Figure 2-5, Cambi involves three main unit such as the Pulper, Reactor and Flash 
Tank. The residual sludge pass through some screening chambers before thermal pre-treatment to 
eliminate foreign materials from the residual stream which could cause damages to the equipment 
downstream. The sludge must be dewatered to achieve roughly around 16% solid before it is 
transferred to the equalization tank, which is large to accommodate variations in inflow, therefore 
permitting the thermal pre-treatment to be operated at a constant flow rate. When the sludge is 
transferred to the thermal pre-treatment system, it is first introduced into the pulper chamber 
through the augers located at the bottom of the storage tank and pumps. The solids concentration 
is then diluted to roughly around 14.5% - 16.5% total solids, making use of distilled water. The 
sludge is well mixed in the pulper, it is then pre-heated using the steam which had been recycled 
28 
 
from the flask tank. The pre-heated sludge is then transferred to the reactor chamber in which it is 
heated again to about 165°C temperature and 120-130 psi pressure. After the 30 minutes 
hydrolyzing time elapses, the sludge is pumped from the reactor down into the flash tank. The 
treated sludge is received in the flash tank, having a solid concentration of approximately 12% - 
15%.  
 
 
 
 
Figure 2-4: Cambi batch process (Bishnoi, 2012) 
 
 
 
2.6.3  Thermal pre-treatment by Exelys™ method 
This pre-treatment method operates as a continuous-flow system in which dewatered sludge and 
the steam are fed continuously into the mixing and condenser systems.  The pressurized sludge 
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from the pump is fed into a plug flow reactor having enough detention time needed for hydrolysis. 
The sludge is allowed to cool and after, it is diluted using pasteurized water in other to feed the 
digesters to achieve a desired temperature and solid content, all this occur in the plug flow system. 
The pressure, temperature and reaction conditions are comparable to Cambi process. Since steam 
recycling does not occur in the plug flow process, the process needs additional steam per ton of 
dry solids compared to Cambi process when it is operated under the same solid content. Gurieff et 
al., (2011) reported that Exelys™ could process sludge with a very high solid concentrations of 
about 11% to 14%, therefore, the Exelys™ method is as efficient as the Cambi in terms of the  
solids concentration requirement when the process is loaded at a high solid content (Figure 2-6) 
 
 
Figure 2-5: Process flow diagram of pre-treatment by Exelys™ (Gurieff et al, 2011) 
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2.7 Anaerobic digestion inhibition 
2.7.1 Overview 
Some substances that are produced even at a low concentrations during anaerobic digestion  have 
been reported to be inhibitory (Chen et al., 2008). Inhibition relies on feedstock characteristics, 
concentration of the inhibitors as well as how well the bacteria can adapt (Deublein & Stein-hauser 
2011). Typically, the bacteria require a minimal concentration of inhibitory substance used as trace 
elements, the presence of these inhibitors at a higher concentration affect the system performance 
(Deublein & Steinhauser 2011). The presence of inhibitors can distort AD which causes system 
instability, reduce methane production and can eventually lead to system failure (Abbasi et al. 
2012).  
2.7.2 Ammonia inhibition 
During AD of nitrogenous waste such as source separated organics, ammonia plays an important 
role in system stability and performance (Rajagopal et al., 2013). Depending on pH and 
temperature, ammonia can exist as ionized ammonia (NH4+) and free ammonia (NH3). It is 
produced during the disintegration of nitrogen rich wastes such as protein (Deublein & Steinhauser 
2011). It was reported that low quantity of ammoniacal compounds are very important nutrients 
required for the growth of bacteria but at a high concentration, they lead to inhibition which causes 
a low methane production (Akindele, 2016). The commonly found ammoniacal compounds are 
the ammonium ion (NH4+) and the free ammonia (NH3) and these two compounds can directly or 
indirectly lead to inhibition (Rajagopal et al., 2013). 
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Typically, free ammonia is known to be a strong inhibitor, when free ammonia is present at a high 
concentration, usually between 1400 mg/L to 1700 mg/L NH4+-N it becomes toxic, on the other 
hand, ammonium ion is less harmful (Deublein & Stein-hauser 2011). The initial concentration of 
nitrogen is one important factor that affect ammonia inhibition, depending on substrate 
characteristics, temperature and pH (Rajagopal et al. 2013). The amount of ammoniacal 
compounds relies on the system’s pH, this is because the concentration of free ammonia tends to 
increase when the pH is high while at a low pH, ammonium ion is dominant in the system (Figure2-
6). The equilibrium that exist between ammonium ion and free ammonia is temperature dependent 
(Figure2-6). When there is a rise in temperature, the equilibrium shift in favour of the free ammonia 
and hence, it increases the inhibition as the temperature also increases (Deublein & Steinhauser 
2011). It is known that free ammonia is more harmful than ammonium ion, therefore, the impact 
of temperature and pH must be carefully considered (Sung & Liu, 2003). 
Various research has been done on different methods that can be used in controlling the inhibition 
of ammonia and the common solutions are usually the temperature and pH control, C/N ratio 
adjustment, the use of different additives and microflora acclimation (Rajagopal et al. 2013). As 
stated by Rajagopal et al. (2013), ammonia inhibition can occur at Total ammonia nitrogen 
(TAN) concentration as high as 1500 mg/L at a pH of 9.5 and temperature of 20 oC, 35 oC and 
55oC. 
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Figure 2-6:  Free ammonia dependency on pH at temperatures 20, 35, and 55°C (Rajagopal 
et al. 2013). 
 
 
 
2.7.3 Volatile fatty acids (VFAs) and other organic acids 
Volatile fatty acids are broken down into acetic acid, which is used as feedstock for biogas 
production. Although VFAs are crucial for AD inhibition arises when present at higher 
concentration (Wang et al. 2009). Inhibition may occur as a result of hyperacidity in which there 
is a decrease in the pH of the reactor (Deublein & Steinhauser 2011). This can be due to rigorous 
feeding of the digester, and it can cause VFA accumulation which in turn affect the buffer capacity 
that leads to a sudden pH drop (Chen et al. 2008). Eventually, it distorts the microbial activities 
(Chen et al. 2008). Pullammanappallil et al., (2001) reported a threshold level of 2750mg/L for 
propionic acids while Holm-Nielsen et al/. (2009) reported  a propionic threshold level of 1500 
mg/L. Wu et al., (2019) reported acetic and propionic threshold levels of 590 mg/L and 980 mg/L 
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respectively. Wang et al., (2009) also reported propionic, butyric and acetic threshold levels of 900 
mg/L, 1800 mg/L and 2400 mg/L respectively. There is no specified threshold levels for individual 
VFAs  because as a result of variation in substrate compositions, having their own VFA levels that 
can be termed ‘normal’ for different reactors and also, the conditions that lead to process instability 
in on digester may not lead to process instability in other reactors (Angelidaki et al.,, 1993). 
VFA/alkalinity ratio also plays an important role in monitoring system performance. It was 
reported that the VFA/alkalinity ratio less than 0.4 is considered safe for a healthy system (Sinervo, 
2017; Wang et al., 2009; Wu et al., 2019) while other researchers recommended 0.25 to be the 
optimum VFA/alkalinity ratio (Chen & Neibling, 2014; Ghidotti et al., 2018; Wan et al., 2011; 
Xie et al.,, 2017). AD stages are linked a such a way that if the first and second stage is been 
accelerated, the concentration of acids is increased as a result of pH drop and fatty acids (Deublein 
& Steinhauser 2011). It was reported that at a neutral pH as a result of buffering capacity, VFA 
accumulation can contribute to the decreased hydrolysis level of solid feedstock or even leads to 
inhibition at a high concentration (Siegert & Banks, 2005).  
 
2.7.4 Other inhibitors 
Additionally, there exist other sources of AD inhibitions. For example, compounds that contains 
sulphur have been reported to be inhibitory due to the sulfate reducing bacteria that is present 
naturally in the reactor, which competes with methane producing microorganisms for the available 
nutrients (Chen et al. 2008). Moreover, an increase in the concentration of sulfide is harmful to 
another bacteria groups Chen et al. 2008). Few heavy and light metal ions like nickel, potassium, 
sodium and lead can be very harmful when their concentrations are high despite been essential as 
trace nutrients (Deublein & Steinhauser 2011). Other inhibition sources occur but are not further 
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discussed here. There are few studies on the use of biochar to absorb ammonia and VFAs in general 
and in AD system. (Martínez et al., 2018) who operated a batch system to study the effect of 
biochar on anaerobic co-digestion of sewage sludge with citrus peels reported 92% adsorption of 
butyric acid, 71% of propionic and 22% acetic acid. Mumme et al., (2014) carried out a batch 
fermentation experiment using ADS as substrate to investigate the effect of biochar derived from 
hydrothermal carbonation (hydrochar) and pyrolysis (pyrochar) and reported that ammonia level 
was reduced to about 92% the initial concentration.   
(Vavilin et al., 1995) conducted a modelling studies on ammonia and sulfide inhibition reported a 
threshold levels of sulfide to be between 1250mg/L – 2500mg/L which caused system failure. 
Cornet, (2017) also reported an inhibition threshold level of sulfide ranging from 50mg/L to 
250mg/L depending on the substrate used, digestion conditions and the pH. It appeared that there 
are inconsistencies in the threshold levels of these inhibitors as it all depends on the factors listed 
above.  
 
2.8 Biochar 
Biochar can be described as an additive used for agricultural purposes to improve the soil nutrient. 
It is produced by a process known as pyrolysis which is the thermal breakdown of organic matter 
in the presence of low quantity of oxygen (Shafizadeh, 1982). In pyrolysis, the rate of volatilization 
of organics increases, the biomass structure is rearranged and there is an increase in pore size (Lua 
et al., 2004). Factors which include operational parameters, biomass properties and SRT could 
affect the biochar quality (Lua and Guo, 2000). Gundel et al., (1984) defined biochar as black 
particle carbon which was produced from combustion and also has a microstructure which looks 
like a graphitic. Biochar is also known as a carbonaceous, and a porous material which is clearly 
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distinguished due to its production at a very low temperature usually <700oC without activation 
(Schulz and Glaser, 2012). This is the reason why the total surface area of biochar is low compared 
with activated carbon. Also, in terms of cost of biochar production, it is cheaper (Enders et al.,, 
2012). Fagbohungbe et al., (2016) who operated a batch system to study the effect of biochar on 
AD of citrus peel waste using a substrate to inoculum ratio of 0.32 based on VS stated that biochar 
reduced the lag phase from 9.4 days to 7.5 days and also improved the cumulative CH4 production 
from 163.9 mLCH4/gVS to 186.8 mLCH4/gVS. Mumme et al., (2014) conducted a batch 
fermentation test to investigate the impact of biochar on AD using inoculum as substrate, reported 
that hydrochar improved CH4 production by 32% and also reduced ammonia inhibition from 2100 
mgTAN/kg of biochar to 500 mgTAN/kg of dry weight when 2g of biochar was added. Sunyoto 
et al. (2016) studied the impact of biochar on methane and hydrogen production in a batch system 
treating aqueous carbohydrates FW and reported that biochar increased the maximum CH4  
production by 41.6%, reduced the lag phase by 41% and also enhanced VFA degradation by 
reducing the concentration of propionic acid from 108 mg/L to 90 mg/L, butyric acid from 216 
mg/L to 18 mg/L and acetic acid from 252 mg/L to 54 mg/L. (Linville et al.,  (2017) also reported 
that biochar improved the alkalinity in the digesters from 2800 mg/L to 4800 mg/L as CaCO3.  
Biochar is attracting more attention as a method for land and contaminated water treatment and 
enhancing plant growth (Schulz and Glaser, 2012). Asides the essential benefits of contaminated 
ecosystem clean-up and in plant growth, it could also be used as carbon storage, therefore, 
enhancing the mitigation process of climate change (Lugato et al.,, 2014). Biochar is known to be 
a stable material unlike other technologies employed for capturing carbon, biochar provides long-
term carbon storage and in turn decreased emission of CO2 (Enders et al., 2012). Using biochar as 
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an adsorbent during AD has not been fully investigated and also, there is possibilities for biochar 
to possess a positive effect on digestate quality and operational stability (Mumme et al., 2014).  
 
 
 
2.9 Food waste co-digestion with wastewater sludge in relation to 
microbial community 
 
To enhance the performance of AD co-digestion in a continuous flow system, it is necessary to 
study the impact of microbial community and its activities. Several studies have been conducted 
on the effect of microbial communities in the mono-digestion and co-digestion of FW (Guo et al., 
2014; Han et al., 2017; Lee et al., 2017; Li et al., 2016; Supaphol et al., 2011; Yi et al., 2014; 
Zamanzadeh et al., 2017; Zhang et al., 2014, 2016, 2017). These studies reported various relative 
abundance of AD microorganisms present in food waste digestates occurring at different 
operational conditions of OLR range of 1–9 kgCOD/m3·d, pH range of 4 to 8 and SRT range of 
20 to 40 days. However, many researches have been done on the general AD communities, but 
just few papers reported the correlation between microbial communities and system performance 
(Guo et al., 2014; Li et al., 2015, 2016; Yi et al., 2014). Yi et al. (2014) operated at mesophilic 
condition, studied the effect of various concentrations of solids on AD of food waste and stated 
that when the total solids (TS) concentration increased in the reactor, it enhanced the abundance 
of Clostridium, Methanosaeta, Bacteroidetes and Methanosarcina. While Syntrophomonas and 
Firmicutes abundance was unaffected by OLR. Many studies reported that Methanosarcina’s 
abundance over Methanosaeta increased at optimum OLRs, which result to a high VFA 
concentration and  the concentration of total ammonia, probably as a result of the varying affinity 
for acetate by the methanogens, that is, the optimum growth rate and the half saturation constant 
of Methanosarcina and Methanosaeta for acetate around 0.12 d−1 vs 0.71 d−1 and 30mg/L vs 
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300mg/L (Guo et al., 2014; Henze et al., 2008; Li et al., 2015). Nevertheless, few studies that 
carried out detailed analysis of microbial communities showed inconsistency in their results with 
regard to acidogenic bacteria, methanogens, Firmicutes, Clostridium and Sythophomonas in both 
co-digestion and mono-digestion. To site an example, regarding fermentative bacteria, Guo et at., 
(2014) and Liu et al., (2016) setup a semi-continuous systems treating FW running at organic 
loading of 3–6 gVS/L·d and 1.0–2.5 gVS/L·d respectively stated that Clostridia (8–27%) and 
Bacteroidetes (47%) was the dominant group of bacterial. In contrast, Han et al. (2017) ran a semi-
continuous mesophilic reactor treating food waste, operated 30–36 days SRT and OLR of 7.1 
gVS/L·d, reported 57% Firmicutes as the most abundant bacteria group. Likewise, for 
Methanogens, Zamanzadeh et al. (2017) and Guo et al. (2014) studied food waste mono-digestion 
at SRT of 40 days and 20 days and a loading rate of 1.0–2.5 gVS/L·d and 3 gVS/L·d respectively, 
in a semi-continuous digester at 35oC temperature reported Methanosaeta to be the most abundant 
methanogens at relative abundance of 62% and 90% respectively. Similarly, Yi et al. (2014) 
studied a full scale CSTR to treat the mono-digestion of food waste at mesophilic temperature 
reported Methanosarcina to be the most dominant archaea group, given 91% relative abundance. 
Same inconsistencies that was observed in mono-digestion with respect to the dominant 
methanogens was described for the co-digestion of WWB with FW (Rabii et al., 2019). 
 
 
 
 
 
 
 
 
 
 
 
 
38 
 
2.10  Synopsis of the literature 
The paucity of information on microbial communities in co-digestion systems is evident from the 
limited number of studies not to mention the reported inconsistencies highlighted above. While 
studies focused on the analysis of microbial communities in co-digesters, statistical correlations 
between microbial communities and performance are lacking. The impact of microbial 
communities on the synergetic effects of co-digestion of FW and wastewater treatment biosolids 
is still unclear. Additionally, the dynamic microbial community shifts in the above-mentioned 
studies indicate the necessity of such analysis to elucidate synergism of FW co-digestion and 
optimization of operational conditions of FW digestion. Thus, this study investigated FW and 
WWB co-digestion performance at different OLRs using thirteen mesophilic continuous-flow 
digesters to explore synergism and microbial community. Furthermore, the most commonly used 
approach to quantitatively link performance to microbial community structure is based on relative 
abundance, and accordingly does not necessarily translate to microbial mass. A recent study by 
Ziels et al. (2016) who studied fat-oil-grease (FOG) co-digester attempted to use the mass of 
Syntrophomonas in order to explain a relationship between long-chain fatty acid and a mass ratio 
of fat-oil-grease concentration to Syntrophomonas. From an engineering’s perspective, estimating 
microbial community using microbial mass instead of relative abundance is more effective, 
especially when the impact of different operational conditions affecting the activity of microbes is 
to be examined. For example, different volatile solids concentrations collected from different 
operational conditions have a different mass of microbes although the relative abundances can be 
similar; hence, relating the activity of microbes to different operational conditions based on 
relative abundance may be inaccurate. To the best of the authors knowledge, this is the first study 
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that uses active microbial mass instead of relative abundance to correlate performance and 
microbial community structure. 
Studies on the use of biochar in optimizing AD of organic rich waste especially in the area of 
continuous flow system treating FW co-digestion with wastewater biosolids are very scarce in the 
literature. In batches, the concentrations of inhibitors such as ammonia and VFAs peak  during 
digestion and because of the lack of dilution by the feed sludge that occurs in continuous-flow 
systems, the concentrations of inhibitors are high and hence their adsorption characteristics differ 
substantially from continuous-flow systems.  Batch systems mimic plug-flow reactors, which are 
inherently more prone to inhibition than continuous-flow systems. To the best of the author’s 
knowledge, this is the first study conducted to investigate the impact of biochar in a continuous-
flow co-digestion system treating FW with municipal wastewater biosolids. Several inhibitory 
factors have been reported during AD of organic rich substrates, factors such as the operating 
condition, pH, substrate composition variability which mostly lead to digester failure (Li et al., 
2016; Mata-Alvarez et al., 2011; McMahon et al., 2001; Zamanzadeh et al., 2017; Zhang et al., 
2013;  Zhang et al., 2017). Biochar is cost effective compared with activated carbon, it could 
therefore provide a rapid fix in digester upsets (Mumme et al., 2014). 
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CHAPTER 3 1 
3.0 Impact of Food Waste Co-digestion with Wastewater Biosolids 
on Microbial Communities 
 
3.1 Introduction 
 
Anaerobic co-digestion of food wastes (FW) and wastewater treatment biosolids (WWB) is an 
effective waste management approach which decreases emissions of ozone-depleting gases and 
increases biogas production (Gu et al., 2017; Tong et al., 2018). Koch et al., (2015) conducted 
batch co-digestion tests of WWB and FW at mass ratios of 5% to 30% of WWB and observed that 
the specific methane yield increased with FW content increased up to 12.5%. According to Kim 
et al., (2017) who operated five semi-continuous FW co-digesters treating WWB and FW with 
different content of FW at an standard retention time (SRT) of 20 days, FW addition increased 
biogas production by 18%–20% compared with WWB mono-digestion. Similarly, Li et al., (2019) 
who conducted an extensive literature review on the enhancement of methane production in 
anaerobic digestion reported that FW co-digestion with activated sludge also enhanced degradation 
of toxic polycyclic aromatic hydrocarbon and increased methane production which was attributed 
to synergism. The abovementioned studies clearly highlighted the energy benefits of food waste 
co-digestion. In order to optimize the co-digestion performance, it is essential to understand the 
role and effect of microbial communities in continuous flow co-digestion systems. Table 3-1 
summarizes the results of 9 literature studies that reported microbial communities in FW mono-
/codigestion systems (Guo et al., 2014; Han et al., 2017; Lee et al., 2017;  Li et al., 2016; Supaphol 
 
1 A version of this chapter has been published in Bioresource Technology. 
50 
 
et al., 2011; Yi et al., 2014; Zamanzadeh et al., 2017; Zhang et al., 2014, 2016, 2017;  Zhang et 
al., 2017). The summarized studies showed different relative abundance of anaerobic microbes in 
FW digestates at various operational conditions with SRTs of 20 to 40 days, pH of 4 to 8, and 
organic loading rates (OLR) of 1–9 kgCOD/m3·d. Although many researchers studied the general 
anaerobic digestion communities, few papers correlated microbial communities with system 
performance (Guo et al., 2014; Li et al., 2015, 2016; Yi et al., 2014). Yi et al., (2014) who explored 
the impact of different solids concentrations on anaerobic digestion of FW under mesophilic 
conditions reported that increasing the TS contents in the digester enriched the abundance of 
Bacteroidetes, Methanosarcina, Methanosaeta, and Clostridium while the abundance of 
Firmicutes and Syntrophomonas was not affected by organic loading. Many studies also showed 
that the abundance of Methanosarcina over Methanosaeta increases at high OLRs, resulting in 
high concentrations of volatile fatty acids and total ammonia, possibly due to the different affinity 
of these methanogens for acetate i.e. respective half-saturation constant and maximum growth rate 
of Methanosaeta and Methanosarcina for acetate of 30 mg/L vs 300 mg/L, and 0.12 d−1 vs 0.71 
d−1 (Gou et al., 2014; Henze, 2008; Li et al., 2015). However, the few studies that have undertaken 
detailed microbial analysis have shown inconsistent results with respect to methanogens, 
Clostridium, Firmicutes, Sythophomonas, and acidogenic bacteria in both mono-digestion and 
codigestion. For example, with respect to fermentative bacteria, Guo et al. (2014) and Liu et al., 
(2016) who operated a semi-continuous systems to treat FW at OLR 1.0–2.5 gVS/L·d and 3–6 
gVS/L·d, respectively observed that the dominant bacterial group was Bacteroidetes (47%) and 
Clostridia (8–27%). On the other hand, Han et al. (2017) operated a semi-continuous mesophilic 
system to treat FW at OLR 7.1 gVS/L·d, and SRT of 30–36 days observed Firmicutes (57%) as 
the dominant bacteria 
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group. Similarly for methanogens, Guo et al., (2014) and Zamanzadeh et al., (2017) who studied 
the mono-digestion of FW in semi-continuous mesophilic digesters at OLR of 1.0–2.5 gVS/L·d 
and 3 gVS/L·d, and SRT of 40 days and 20 days respectively, observed that Methanosaeta was 
the dominant methanogen at a relative abundance of 90% and 62%, respectively. In contrast, Yi et 
al. (2014) who studied the mono-digestion of FW in a full scale CSTR under mesophilic condition 
observed that Methanosarcina was the dominant archaea at a relative abundance of 
91%. The same observed inconsistencies in the dominant methanogens for mono-digestion were 
also reported for co-digestion of FW and WWB (Rabii et al., 2019). 
The paucity of information on microbial communities in co-digestion systems is evident from the 
limited number of studies in Table 3-1, not to mention the reported inconsistencies highlighted 
above. While studies focused on the analysis of microbial communities in co-digesters, statistical 
correlations between microbial communities and performance are lacking. The impact of microbial 
communities on the synergetic effects of co-digestion of FW and wastewater treatment biosolids 
is still unclear. Additionally, the dynamic microbial community shifts in the above-mentioned 
studies indicate the necessity of such analysis to elucidate synergism of FW co-digestion and 
optimization of operational conditions of FW digestion. Thus, this study investigated FW and 
WWB co-digestion performance at different OLRs using thirteen mesophilic continuous-flow 
digesters to explore synergism and microbial community. Furthermore, the most commonly used 
approach to quantitatively link performance to microbial community structure is based on relative 
abundance, and accordingly does not necessarily translate to microbial mass. A recent study by 
Ziels et al., (2016) who studied fat-oil-grease (FOG) co-digester attempted to use the mass of 
Syntrophomonas in order to explain a relationship between long-chain fatty acid and a mass ratio 
of fat-oil-grease concentration to Syntrophomonas. From an engineering’s perspective, the use of 
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microbial mass instead of relative abundance is more effective, particularly when the effect of 
different operational conditions on the activity of microbes should be examined. For instance, 
different volatile solids concentrations collected from different operational conditions have a 
different mass of microbes although the relative abundances can be similar; hence, relating the 
activity of microbes to different operational conditions based on relative abundance may be 
inaccurate. To the best of the authors knowledge, this is the first study that uses active microbial 
mass instead of relative abundance to correlate performance and microbial community structure. 
While the overall objective is to correlate microbial communities with digester operation and 
performance, the specific objectives of this study are: a- to perform detailed microbial 
characterization; b- correlate performance parameters to specific microbial groups; c- evaluate 
primary microbial shift occurring under synergistic conditions; and d- to assess the impact of 
organic loading, and substrate types on microbial community. 
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Table 3-1. Mesophilic continuous-flow FW and wastewater treatment biosolids co-digestion 
and microbial community studies. 
 
Substrate Dominant Archaea 
/Bacteria 
% 
Relative 
Abundant 
Reactor 
type 
pH OLR 
(g 
VS/ 
L/d) 
SRT 
(days) 
 
FW TWAS 
 
Methanobacterium 
Methanosarcina 
Methanosaeta 
Methanospirillum 
Firmicutes 
Bacteroidetes 
Syntrophomonas 
20-21 
47-48 
31-32 
1 
18-25 
14-43 
6 
CSTR 7.4 
 
 
2.3-
14 
N/A Zang et al., 
(2017) 
FW 
 
 
Methanosaeta 
Methanosarcina 
Methanospirillum 
Methanothermobacter 
Firmicutes 
Bacteroidetes 
 
90       
5         
3          
0          
10        
47        
CSTR  N/A 1.0 – 
2.5 
40 Guo et al., 
(2014) 
FW Firmicutes 
Bacteroidetes 
Syntrophomonadaceae 
Methanobacteriaceae 
Clostridiaceae 
Methanomicrobiaceae 
 
57 
25 
1-7 
0-40  
12-26 
50-97 
CSTR 4.0 3.8-
7.1 
21-40 Han et al., 
(2017) 
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Food 
wastewater 
(FWW) 
Firmicutes 
Bacteriodetes 
Methanosaeta concilii, 
Methanoculleus 
bourgensis, 
Methanobacterium 
beijingense. 
Syntrophomonas, 
36±3.8%, 
52±12%, 
CSTR 8.3 N/A 30 Lee et al., 
(2017) 
Mixed 
Waste 
(Liquid 
waste+Slurry 
Waste+ 
Sludge 
Waste) 
 
Methanosaeta N/A CSTR 
 
4.6 
6.6 
7.2 
0.5 
0.4 
0.3 
18-20 Supaphol et 
al., (2011) 
FW 
 
 
 
 
 
 
 
Bacteroidia 
Bacteroides 
Clostridia 
Syntrophomonas 
Firmicutes 
Methanospirillum 
Methanoculleus 
23-28 
1.3-2.8  
8 - 27 
0.5 - 1.8 
27-30 
9-35 
10 – 38 
Lab Scale 
(CSTR) 
 
 
 
 
 
6.4 
 
 
 
 
 
 
3 to 
6 
 
 
 
 
 
 
N/A Li et al., 
(2015) 
FW (5%) 
(15%) 
(20%) 
 
Methanosarcina 
Methanomicrobiales 
91 
9 
Full Scale 
(CSTR) 
 
4.7 2.4- 
9.4 
20 Yi et al., 
(2014) 
 
WAS Methanosarcina 
Methanomicrobiales 
Methanobacteriales 
72 
9 
19 
Batch 7.0 1.0 25 Shin et al., 
(2010) 
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FW  
 
 
 
FW + Cattle 
manure 
(60:40 VS 
basis) 
Firmicutes 
Bacteroides 
Methanosaeta 
 
Firmicutes 
Bacteroides 
Methanobacterium 
Methanosaeta 
25 
15 
62 
 
60 
8 
- 
36 
Full Scale 
CSTR-
MR  
7.7 
 
 
 
7.9 
 
 
 
 
3 20 Zamanzadeh 
et al., 
(2017) 
 
Sewage 
Sludge 
 
 
SS+FW 
 
Methanosaeta 
Methanosarcina 
 
Methanosaeta 
Methanosarcina 
7 
10 
 
6-8 
19-21 
 
Batch 6.7 
 
 
6 
NA 33 Zhang et al., 
2016) 
PS+WAS 
(50:50) 
Methanosaeta 
Methanosarcina 
Methanothermobacter 
83-87 
13-33 
64-77 
Full-Scale 
Anaerobic 
digester 
7.5-
8.8 
N/A 10-55 Kirkegaard 
et al., (2017) 
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3.2.   Materials and Methods 
3.2.1.  System configuration 
The anaerobic methane potential test (AMPTS-II), (Lund, Sweden) system was used to run semi-
continuous flow anaerobic digesters using thirteen bottles with a total volume of 650 mL and a 
working volume of 300 mL each (Figure A.1). The three main components of the AMPTS are a 
water bath holding thirteen bottles at temperature of 37 ºC, CO2 trap bottles, and wet-tip gas 
meters. These parts were connected through tygon tubings so that the generated biogas from the 
openings of the top of the sample bottles flows into CO2 gas trap bottles and the pure methane 
gas leaving from the trap bottles enters the wet-tip gas meters for real-time measurement. 
 
  
Figure 3-1. System setup 
 
57 
 
3.2.2.  Inoculum (ADS) and Substrates 
Inoculum was collected from a food waste digester (Dufferin Source Separated Organics, Toronto, 
Ontario, Canada) operating at a solids retention time (SRT) of 30 days. The FW samples were 
collected from the Grind2Energy (InSinkErator, Racine, WI) system that was used to process FW 
from grocery stores and transform it to a slurry after grinding. The FW slurry samples were stored 
in a cold room (4 ºC) and were grinded using a blender for 15 min for homogenization. Similarly, 
PS and TWAS were collected from the Adelaide pollution control plant (London, Canada). Due 
to the small size of the port, raw inoculum, primary sludge (PS), thickened waste activated sludge 
(TWAS), and FW was screened using mesh strainer (1.7 mm) to remove big particles. However, 
due to the loss of solids and COD through screening, the screened PS and TWAS were 
concentrated through centrifuging and decanting supernatants to increase COD levels and prepare 
different feeds, for the designated organic loading and solids retention time of the system.   
Thirteen bioreactors initially filled with inoculum were operated at a solids retention time (SRT) 
of 15 days through feeding and wasting of 20 mL daily using a syringe at the same time each day 
with wastage performed prior to feeding. Particularly, for feeding and wasting, tygon tubings were 
connected to the small ports placed inside and outside of each bottle cap. Reactors were completely 
mixed using a rod at a time interval of 50-second on and 20-second off.   
The different feeds for the thirteen reactors as described in Table 3-2a were 100% PS for R1 and 
R2, 100% TWAS for R3 and R4, 100% FW for R5-R7, 45%PS+45%TWAS+10%FW (volume 
basis) for R8-R10, and 5%PS+5%TWAS+90%FW (volume basis) for R11-R13. The operation 
consisted of three phases. During Phase 1, the thirteen systems were initially operated at an OLR 
of 2 kgCOD/m3/day while eight of the reactors i.e. R2, R4, R6, R7, R9, R10, R12, and R13 were 
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run at 3 kgCOD/m3/day (Phase 2), and later at 4 kgCOD/m3/day (Phase 3) with the same OLR of 
2 kgCOD/m3/day for five reactors (R1, R3, R5, R8, and R11) throughout the study.  
 
COD distributions of the mixed substrates for R8-R13 are shown in Table 3-2b. PS COD 
contribution to the mixed substrate was 35%-42% for R8-R10 and 2%-3% for R11-R13 while 
TWAS COD accounted for 38%-44% for R8-R10 and 2% for R11-R13. Similarly, FW COD 
accounted for 19%-22% for R8-R10 and 95%-96% for R11-R13. 
 
Alkalinity in the form of sodium bicarbonate was added to each substrate to compensate for the 
loss of alkalinity during the preparation of feed stocks associated with centrifugation and 
decanting of the liquid. Particularly, food waste feed was also supplemented with alkalinity to 
increase buffering capacity (Table 3-2c). The supplemented alkalinity to the feed stock was 1.5-
3.5 gCaCO3/L. 
 
Table 3-2. (a) Substrates for the systems (b) contribution (%) of PS, TWAS, and FW COD 
in the different reactors (c) alkalinity addition 
(a) 
 PS TWAS FW 10% FW 90%FW  
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
PS (%) 100 100 0 0 0 0 0 45 45 45 5 5 5 
TWAS (%) 0 0 100 100 0 0 0 45 45 45 5 5 5 
FW (%) 0 0 0 0 100 100 100 10 10 10 90 90 90 
OLR 
(kgCOD/m3/d) 
             
Phase 1 
(day1-day51) 
2 2 2 2 2 2 2 2 2 2 2 2 2 
Phase 2 
(day52-day70) 
2 3 2 3 2 3 3 2 3 3 2 3 3 
Phase 3 
(day71-99) 
2 4 2 4 2 4 4 2 4 4 2 4 4 
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(b)  
COD 
contribution 
R8-R10  
(45%PS+45%TWAS+10%FW on a 
volume basis) 
R11-R13 
(5%PS+5%TWAS+90%FW on a 
volume basis) 
Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 
PS (%) 34.6 41.2 42.9 1.9 2.4 2.7 
TWAS (%) 43.7 38.3 38.6 2.4 2.2 2.4 
FW (%) 21.7 20.5 18.5 95.6 95.4 94.8 
(c) 
Alkalinity added  
(g CaCO3/L)  
PS TWAS FW 10% FW 90%FW 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Phase 1 1.5 1.5 1.5 1.5 2 2 2 1.5 1.5 1.5 2 2 2 
Phase 2 1.5 1.5 1.5 1.5 2 2 3 1.5 1.5 2.5 2 2 3 
Phase 3 1.5 1.5 1.5 1.5 2 2 3.5 1.5 1.5 3 2 2 3.5 
 
3.2.3.     Chemical analysis 
Influent and effluent samples were taken for analysis two times a week. Solids, COD, ammonia, 
total nitrogen (TN), soluble nitrogen (SN), and phosphorus were measured twice a week while 
alkalinity and volatile fatty acids (VFAs) were determined three times a week. pH was measured 
daily. All samples were preserved in a cold room at less than 4oC. The collected samples were 
analyzed to determine chemical oxygen demand (total COD and soluble COD), total suspended 
solids (TSS), volatile suspended solids (VSS), total nitrogen (TN), soluble nitrogen (SN), 
ammonia-N (NH4-N), total phosphorus (TP), soluble P (SP), alkalinity, and VFAs concentrations. 
For all soluble parameter analysis including COD, nitrogen, ammonia, phosphorus, and VFA, 
sterile 0.45 µm membrane filter papers (VWR International, Canada) were used for soluble 
fractionation of samples. Similarly, 1.2 µm filter papers were used for TSS and VSS analysis in 
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accordance with Standard Methods (AHPA, 1998). High range total phosphate (0-100 mg/L of 
PO43-) vials were used for total and soluble phosphate analysis. On the other hand, high range 
ammonia (0-50 mg/L), high range total nitrogen (10-150 mg/L), and high range COD (1500 mg/L) 
vials, and VFA (50-2500 mg/L) were used for respective analysis. All of the high range vials were 
purchased from HACH, Canada.  
3.2.4.     Microbial community analysis 
Microbial community tests were conducted on different samples i.e. inoculum, PS, TWAS, FW, 
effluent from 13 reactors. The concentrated samples using centrifugation were sent to Microbe 
Detectives LLC® for DNA extraction and detection of microbes. The 16S rRNA gene V4 variable 
region PCR primers 515/806 were used in a single-step 30 cycle PCR using the HotStarTaq Plus 
Master Mix Kit (Qiagen, USA) under the following conditions: 94°C for 3 minutes, followed by 
30 cycles (5 cycle used on PCR products) of 94°C for 30 seconds, 53°C for 40 seconds and 72°C 
for 1 minute, after which a final elongation step at 72°C for 5 minutes was performed. Sequencing 
was performed on an Ion Torrent PGM following the manufacturer’s guidelines. Sequence data 
were processed using a proprietary analysis pipeline. In summary, sequences were depleted of 
barcodes and primers, then sequences <150bp removed, sequences with ambiguous base calls and 
with homopolymer runs exceeding 6bp were also removed. Sequences were denoised, OTUs 
generated and chimeras removed. Operational taxonomic units (OTUs) were defined by clustering 
at 1% divergence (99% similarity). Final OTUs were taxonomically classified using BLASTn 
against a database derived from RDPII (http://rdp.cme.msu.edu) and NCBI 
(www.ncbi.nlm.nih.gov). 
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Microbial community diversity was estimated by counting the number of species observed and 
calculating the Shannon’s evenness index. Species observed indicates how many different types 
of microbes are present, while evenness indicates how evenly distributed their abundances are 
(AHPA, 1998). 
3.2.5       Statistical analysis 
The Pearson correlation coefficients were tested using Minitab 16 software (Minitab Inc., PA, 
USA) to examine relationship between parameters. The coefficients range between -1 and 1 while 
positive and negative values indicates the direction of the relationship with a higher absolute value 
indicating a strong correlation.  
3.3       Results and discussion 
3.3.1       Inoculum and feedstock characteristics 
Table 3.2 presents the inoculum characterized by 38 gTS/L, and 24 gVS/L, with a volatile fraction 
of 63%. The characterization of different feeds used for preparing influent is shown in Table 3.2. 
Average TCOD concentrations were 74 g/L for PS, 94 g/L for TWAS, and 197 g/L for FW. Solids 
contents were 4.7% for PS, 6.2% for TWAS, and 11% for FW. The volatile fractions of solids in 
PS, TWAS, FW were 0.79, 0.77, and 0.91, respectively. PCOD to VSS ratio was 1.84 for PS, 1.76 
for TWAS, and 1.64 for FW. Nitrogen content of VSS (by weight) was 7.4% for PS, 8.6% for 
TWAS, and 3.9% for FW. Similarly, phosphorus content of VSS was 1.4% for PS, 3.3% for 
TWAS, and 0.3% for FW.  
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Table 3-3 (a) Summary of the chemical characteristics of ADS (average ± standard deviation (number of analysis)) (b) feedstock 
characteristics (c) correlation between different parameters 
 
(a) 
    
 Parameter Unit Inoculum 
 TS g/L 38 ± 2.7 (4) 
 VS g/L 24 ± 1.6 (4) 
 TSS g/L 33 ± 2.8 (4) 
 VSS g/L 23 ± 1.4 (4) 
 TCOD g/L 46 ± 2.6 (4) 
 SCOD g/L 11 ± 1.2 (4) 
 TN g/L 6 ± 0.1 (4) 
 SN g/L 3.4 ± 0.0 (4) 
 Amm-N g/L 2.5 ± 0.0 (4) 
    
 
 
(b)  
 
(g/L, average±std,  
n=6) 
TS VS TSS VSS TCOD SCOD TN SN Amm-N TP SP 
PS 47±9 37±7 44±8 36±7 74±16 6±2 2.7±1.4 0.7±0.5 0.3±0.2 0.5±0.3 0.1±0.1 
TWAS 62±6 46±4 60±8 46±6 94±9 12±6 5.1±2.5 1.5±0.9 0.8±0.4 1.5±0.8 0.2±0.1 
FW 111±7 92±5 69±15 64±14 197±14 86±11 7.8±3.9 4.9±2.6 1.0±0.7 0.9±0.5 0.8±0.4 
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(c)  
 VSS/TSS PCOD/VSS PN/VSS PP/VSS 
PS 0.79 1.84 0.074 0.014 
TWAS 0.77 1.76 0.086 0.033 
FW 0.91 1.64 0.039 0.003 
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3.3.2    Performance  
Variations of pH for the different reactors are shown in Figure 3-2. The average pH for the different 
reactors was 7.4-7.7 in Phase 1, 7.3-7.5 in Phase 2, and 7.3-7.6 in Phase 3. Similarly, average 
alkalinity for the different reactors varied from 5.2 to 7.4 g CaCO3/L in Phase 1, from 5.4 to 6.9 g 
CaCO3/L in Phase 2, and from 4.8 to 8.0 g CaCO3/L in Phase 3 (Figure 3-3). Apparently, pH and 
alkalinity for the duplicate or triplicate reactors for Phase 1 showed a close value within less than 
1% and 6% differences, respectively, indicating good reproducibility. 
Digester operational stability is reflected by the VFA/alkalinity ratio, with values less than 0.4 
indicating stable performance. The graphical illustration of the VFA/alkalinity ratio is depicted 
Figure 3-4. During steady-state operation in Phase 1, the average ratio for the thirteen reactors 
ranged from 0.13 to 0.31. Phases 2 and 3 showed the ratio of 0.09-0.62 and 0.05-0.59, respectively. 
Due to acidification, the VFA/alkalinity ratio occasionally increased to greater than 0.4. 
 
 
 
 
 
 
 
65 
 
 
Figure 3-2. Temporal pH variation  
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Figure 3-3. Temporal alkalinity variation  
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Figure 3-4. Temporal variations of the VFA/alkalinity ratio 
 
3.3.3    Influent and digestate quality 
Influent and effluent concentrations for Phases 1-3 are summarized in Table A.1 while the COD 
removal efficiencies are presented in Table 3-5. Day 30 to 51 in Phase 1 represented steady-state 
conditions after two turnovers of the mean SRT. Influent COD during day 30-51 was 28 g/L to 33 
g/L while effluent COD was 11g/L-19 g/L with average removal efficiency of 35%-37% for PS 
100% reactor, 38%-42% for TWAS 100%, 59%-60% FW100% reactor, 37%-39% for FW10%, 
and 56%-60% for FW90% Table 3-5. Similarly, Phase 2 showed influent COD concentrations 26-
28 g/L for the reactors operated at OLR 2 kgCOD/m3/d and 42-46 g/L for the reactors run at OLR 
of 3 kgCOD/m3/d. Effluent COD in Phase 2 was 10-19 g/L, yielding a removal efficiency of 42%-
53% for PS 100% reactor, 32%-49% for TWAS 100%, 61%-70% FW100% reactor, 47%-61% for 
FW10%, and 65%-73% for FW90% (Table 5). In Phase 3, COD removal efficiency was 55%-60% 
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for R1 and R2, 51%-54% for R3 and R4, 67%-73% for R5-R7, 56%-62% for R8-R10, and 71%-
77% for R11-R13. 
 
Table 3-4. COD removal efficiencies 
 PS TWAS FW 10% FW 90%FW  
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Phase 1 37±5 35±4 38±4 42±4 61±3 60±6 59±4 39±4 39±5 37±10 56±7 60±8 57±5 
(Day30-51) 
Phase 2 42±6 53±2 32±4 49±8 61±5 66±7 70±10 47±4 58±3 61±5 65±4 73±4 72±4 
(Day52-70) 
Phase 3 55±3 60±5 51±6 54±5 73±5 67±9 68±8 56±4 61±4 62±3 77±3 71±5 74±3 
(Day71-99) 
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3.3.4    Biogas Production 
The cumulative methane production for the operational period of 100 days is presented in Figure 
3-5.  Overall methane production was 9.4 L (R1), 13.1 L (R2), 8.3 L (R3), 11.9 L (R4), 14.8 L 
(R5), 17.1 L (R6), 17.5 L (R7), 10.8 L (R8), 15.1 L (R9), 15.2 L (R10), 14.2 L (R11), 17.8 L (R12), 
19.0 L (R13). Table 3.4 presents the methane produced at standard temperature and pressure i.e. 
0oC and 1 atmosphere, per unit mass of influent COD.  Methane production in L/gCODfeed for 
the steady-state period for Phase 1 was 0.16-0.17 for R1- R2, 0.14-0.15 for R3- R4, 0.24-0.25 for 
R5-R7, 0.18-0.19 for R8-R10, and 0.24-0.26 for R11-R13. 
Effect of OLR on biogas production per CODadded varied between municipal sludges and FW.  
Methane production per CODadded increased with higher OLR for PS and TWAS reactors contrary 
to a decline for FW reactors and 90% FW reactors, indicating that FW dominant reactors decreased 
biogas production per CODaddded at higher OLR.  
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Figure 3-5. Cumulative methane production.  
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Table 3-5. Summary of methane production per COD added 
 PS TWAS FW 10% FW 90%FW 
LCH4/gCODadded R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Phase 1 
(Day30-51) 
0.15± 
0.05 
0.14± 
0.04 
0.12± 
0.03 
0.13± 
0.03 
0.22± 
0.06 
0.21± 
0.06 
0.21± 
0.06 
0.16± 
0.04 
0.16± 
0.05 
0.17± 
0.05 
0.21± 
0.05 
0.22± 
0.06 
0.23± 
0.06 
Phase 2 
(Day52-70) 
0.14± 
0.03 
0.13± 
0.04 
0.12± 
0.03 
0.11± 
0.03 
0.25± 
0.07 
0.20± 
0.09 
0.22± 
0.05 
0.17± 
0.04 
0.16± 
0.04 
0.17± 
0.05 
0.24± 
0.06 
0.21± 
0.06 
0.22± 
0.04 
Phase 3 
(Day71-99) 
0.15± 
0.03 
0.16± 
0.02 
0.14± 
0.02 
0.15± 
0.02 
0.27± 
0.03 
0.20± 
0.03 
0.18± 
0.04 
0.18± 
0.04 
0.18± 
0.02 
0.18± 
0.03 
0.26± 
0.03 
0.20± 
0.03 
0.22± 
0.03 
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3.3.5    Biodegradability 
The biodegradability of the different substrates was estimated based on the average daily methane 
production and the theoretical methane production from the daily amount of COD added. For 
example, the mass of COD fed to the reactors each day was 0.6 g for an OLR of 2 kgCOD/m3/day, 
0.9 g for an OLR of 3 kgCOD/m3/day, and 1.2 g for an OLR of 4 kgCOD/m3/day, corresponding to 
the expected daily methane production of 210 mL, 315 mL, and 420 mL assuming 100% anaerobic 
degradation at STP condition. The measured methane production over the theoretical methane 
production yields biodegradability, as shown in Table 3-7.  The relative standard deviation (RSD), 
a measure of data variability, is equal to the standard deviation divided by the average. 
The estimated biodegradability for Phases 1 through 3 was 38%-46% for 100% PS, 32%-42% for 
100% TWAS, 52%-76% for 100%FW, and 45%-52% for 10%FW, and 58%-74% for 90%FW. 
Particularly, biodegradability for 90% and 100% FW decreased with OLR increase. It is also 
evident that biodegradability was higher for FW than PS and TWAS. Municipal sludges mixed 
with 10% FW showed higher biodegradability than the sludges alone.  
The first order COD removal kinetic constants (k) based on the completely-mixed reactor model 
were estimated using steady-state influent and effluent COD (Table A.2). The estimated k values 
of the thirteen reactors were 0.04-0.08 d-1 (R1), 0.05-0.1 d-1 (R2), 0.04-0.07 d-1 (R3), 0.06-0.08 d-1 
(R4), 0.1-0.18 d-1 (R5), 0.12-0.13 d-1 (R6), 0.12-0.15 d-1 (R7), 0.05-0.09 d-1 (R8), 0.06-0.1 d-1 (R9), 
0.06-0.11 d-1 (R10), 0.1-0.22 d-1 (R11), 0.12-0.18 d-1 (R12), and 0.11-0.19 d-1 (R13), indicating that 
a faster degradation for FW reactors than for PS and TWAS reactors. The degradation rate for co-
digestion was higher than municipal sludge mono-digestion by 18-101%. 
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Table 3-6. Summary of biodegradability. 
Phase 1 
(Day 30-51) 
PS TWAS FW 10% FW 
90%PS&TWAS 
90%FW  
10%PS&TWAS 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
OLR 
(kgCOD/m3/day) 
2 2 2 2 2 2 2 2 2 2 2 2 2 
mLCH4/day at 
STP 
88
± 
29 
85
± 
26 
72
± 
21 
80
± 
20 
134
± 
33 
128
± 
37 
129
± 
38 
99
± 
22 
95
± 
30 
100
± 
30 
126
± 
30 
134 
± 
38 
138 
± 
35 
RSD (%) 33 30 29 25 25 29 29 23 31 30 24 29 26 
Biodegradability 
(%) 
42 40 34 38 64 61 61 47 45 48 60 64 66 
 
Phase 2 
(Day 52-70) 
PS TWAS FW 10% FW 
90%PS&TWAS 
90%FW  
10%PS&TWAS 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
OLR 
(kgCOD/m3/day) 
2 3 2 3 2 3 3 2 3 3 2 3 3 
mLCH4/day at 
STP 
82
± 
23 
120
± 
38 
75
± 
20 
100
± 
31 
149
± 
41 
182
± 
78 
194
± 
44 
100
± 
24 
147
± 
40 
149
± 
46 
145
± 
34 
188
± 
52 
200
± 
40 
RSD (%) 28 32 24 32 28 44 25 24 31 34 24 31 22 
Biodegradability 
(%) 
39 38 36 32 71 58 62 48 47 47 69 60 63 
 
Phase 3 
(Day 71-99) 
PS TWAS FW 10% FW 
90%PS&TWAS 
90%FW  
10%PS&TWAS 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
OLR 
(kgCOD/m3/day) 
2 4 2 4 2 4 4 2 4 4 2 4 4 
mLCH4/day at 
STP 
93
± 
17 
195
± 
26 
85
± 
14 
176
± 
24 
162
± 
25 
235
± 
39 
220
± 
39 
108
± 
18 
223
± 
44 
217
± 
32 
155
± 
13 
243
± 
45 
261
± 
36 
RSD (%) 18 14 16 14 16 16 18 17 20 15 9 18 14 
Biodegradability 
(%) 
44 46 40 42 76 56 52 51 52 52 74 58 62 
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3.3.6.   COD and Nitrogen balance 
Table 3-8 presents the COD mass balances, as well as the estimated COD removal efficiencies 
using two approaches: a-influent and effluent concentrations, and b-influent and methane COD. 
The calculated closures of mass balances based on (Methane COD + Effluent COD) × 100 / 
Influent COD were 92%-105%, indicating excellent operation and maintenance of the digesters, 
as well as data reliability and QA/QC of experimental measurements. Methane production per 
COD removal ranged from 0.33 to 0.44 l/gCOD, close to the theoretical value of 0.4 l/gCOD. 
Using the same approach, the estimated COD mass balance closure for Phases 2 and 3 varied from 
84% to 105%. It is apparent that in Phase 1 (which is steady-state operation) both approaches using 
effluent, and measured methane relative to the influent yielded the same results with discrepancies 
generally less than 10%. However, in Phases 2 and 3 due to the relative short duration compared 
to the SRT of 15 days, COD removal efficiencies based on methane are significantly lower than 
based on effluent COD due to the higher dilution effluent COD changes during loading increases 
are very small resulting in artificially higher COD removal efficiencies. Thus, for Phases 2 and 3 
COD removal is more reliably determined by the methane COD. 
Nitrogen mass balances were analyzed to examine nitrogen generation through VSS destruction 
as presented in Table 3.9. The last 18 days of operations at steady state conditions (Phase 1) 
indicated that respective cumulative influent and effluent soluble nitrogen for the different reactors 
were 0.27-0.49 g  and 0.47-0.57 g. VSS destruction for the reactors during the same period ranged 
from 2.2 g to 3 g, and the estimated nitrogen/VSS ratios were 0.039 to 0.086, yielding estimated 
soluble nitrogen generation during digestion at 0.14 g to 0.2 g. Nitrogen mass balance closures 
were computed through the following equation : (Influent SN + Generated SN) × 100 / Effluent 
SN. The closures were 88%-110% (average 96%). Moreover, VSS destruction efficiencies in 
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Phase 1 were 41%-42% for PS100%, 41% for TWAS 100%, 63%-65% for FW100%, 42%-45% 
for FW10%, and 60-61% for FW90%, closely matching the COD removal efficiencies of Table 3-
6. Similarly, nitrogen mass balance closures for Phases 2 and 3 were 79%-110% (average 90%) 
and 53-96% (average 75%), respectively. 
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Table 3-7. COD mass balances 
Phase 1 
(Day30-51) 
PS100% TWAS100% FW100% FW10% 
PS&TWAS90% 
FW90% 
PS&TWAS10% 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Influent (g) 12.1 12.3 11.5 12.1 12.3 12.2 12.6 11.7 11.9 11.9 12.2 12.4 12.6 
Effluent (g) 7.1 7.4 6.9 6.5 4.4 4.7 4.4 6.6 6.7 6.6 4.5 4.4 4.7 
MethaneCOD (g) 5.0 4.8 4.2 4.7 7.8 7.5 7.5 5.7 5.5 5.9 7.3 7.9 8.1 
Closure (%) 100 99 96 92 100 100 95 105 102 105 97 100 102               
Methane production at 35°C (L) 2.0 1.9 1.7 1.9 3.1 3.0 3.0 2.3 2.2 2.3 2.9 3.2 3.2 
Methane yield per COD added (L/Gcod) 0.16 0.15 0.14 0.16 0.25 0.25 0.24 0.19 0.18 0.20 0.24 0.26 0.26 
Methane yield per COD rem (L/Gcod) 0.40 0.39 0.36 0.33 0.40 0.40 0.37 0.44 0.42 0.44 0.38 0.40 0.41 
Removal (%) (Influent & Effluent) 41 40 40 47 64 62 65 44 44 45 63 64 62 
Removal (%) (Influent & MethaneCOD) 41 39 36 39 64 61 60 49 46 49 60 64 64 
 
Phase 2  
(Day52-70) 
PS100% TWAS100% FW100% FW10% 
PS&TWAS90% 
FW90% 
PS&TWAS10% 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Influent (g) 11.0 15.7 10.3 14.2 11.3 16.2 16.2 11.2 16.1 16.6 11.7 16.6 16.6 
Effluent (g) 5.9 7.6 6.7 7.3 3.7 5.7 5.0 5.7 7.1 7.0 3.6 4.9 4.9 
MethaneCOD (g) 4.1 5.8 3.6 5.2 7.2 8.7 9.4 4.8 7.1 7.2 6.9 9.0 9.6 
Closure (%) 90 85 100 88 96 89 89 93 88 85 90 84 87               
Methane production at 35°C (L) 1.6 2.3 1.4 1.9 2.9 3.5 3.8 1.9 2.8 2.9 2.8 3.6 3.9 
Methane yield per COD added (L/Gcod) 0.15 0.15 0.14 0.13 0.25 0.21 0.23 0.17 0.18 0.17 0.24 0.22 0.23 
Methane yield per COD rem (L/Gcod) 0.32 0.28 0.40 0.28 0.38 0.33 0.34 0.35 0.32 0.30 0.34 0.31 0.33 
Removal (%) (Influent & Effluent) 46 52 35 49 67 65 69 50 56 58 69 70 71 
Removal (%) (Influent & MethaneCOD) 37 37 35 37 63 54 58 43 44 43 60 54 58 
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Phase 3  
(Day71-99) 
PS100% TWAS100% FW100% FW10% 
PS&TWAS90% 
FW90% 
PS&TWAS10% 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Influent (g) 15.8 32.7 16.2 32.9 17.1 32.6 31.7 15.3 32.5 33.3 16.1 33.3 33.3 
Effluent (g) 7.1 13.2 8.1 15.4 4.6 11.8 11.0 6.7 12.7 12.5 3.8 10.3 9.0 
MethaneCOD (g) 7.9 16.6 7.1 15.0 13.3 19.8 18.2 9.1 18.2 18.4 13.0 20.7 22.3 
Closure (%) 95 91 94 92 105 97 92 103 95 93 104 93 94               
Methane production at 35°C (L) 3.1 6.6 2.9 6.0 5.3 7.9 7.3 3.6 7.3 7.4 5.2 8.3 8.9 
Methane yield per COD added (L/Gcod) 0.20 0.20 0.18 0.18 0.31 0.24 0.23 0.24 0.22 0.22 0.32 0.25 0.27 
Methane yield per COD rem (L/Gcod) 0.36 0.34 0.35 0.34 0.43 0.38 0.35 0.42 0.37 0.35 0.42 0.36 0.37 
Removal (%) (Influent & Effluent) 55 60 50 53 73 64 65 56 61 62 77 69 73 
Removal (%) (Influent & MethaneCOD) 50 51 44 46 78 61 57 59 56 55 81 62 67 
 
Table 3-8. Nitrogen balances 
Phase 1 
(Day30-48) 
PS100% TWAS100% FW100% FW10% 
PSTWAS90% 
FW90% 
PSTWAS10% 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Influent SN (g) 0.27 0.27 0.37 0.37 0.49 0.39 0.49 0.38 0.38 0.38 0.47 0.42 0.47 
Effluent SN (g) 0.47 0.48 0.50 0.53 0.57 0.53 0.56 0.52 0.53 0.47 0.55 0.52 0.56 
SN production (g) 0.20 0.20 0.13 0.17 0.09 0.15 0.08 0.14 0.15 0.10 0.08 0.10 0.10 
Influent SN (g) 0.27 0.27 0.37 0.37 0.49 0.39 0.49 0.38 0.38 0.38 0.47 0.42 0.47 
Influent VSS (g) 5.3 5.3 5.3 5.4 4.6 4.1 4.6 5.0 5.0 5.0 4.9 4.7 4.9 
Effluent VSS (g) 3.1 3.2 3.2 3.1 1.6 1.5 1.7 2.9 2.9 2.8 1.9 1.9 1.9 
VSS destruction (g) 2.2 2.2 2.2 2.2 3.0 2.6 2.9 2.1 2.2 2.3 3.0 2.8 3.0 
VSS destruction (%) 42 41 41 41 65 64 63 42 44 45 61 60 61 
PN/VSS ratio 0.074 0.074 0.0861 0.0861 0.0394 0.0394 0.0394 0.083 0.083 0.083 0.051 0.051 0.051 
N release (g) 0.17 0.16 0.19 0.19 0.12 0.10 0.11 0.17 0.18 0.19 0.15 0.14 0.15 
Closure (%) 107 110 90 96 95 109 94 94 95 84 88 93 91 
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Phase 2 
(Day51-70) 
PS100% TWAS100% FW100% FW10% PSTWAS90% FW90% PSTWAS10% 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Influent SN (g) 0.18 0.19 0.33 0.32 0.32 0.45 0.39 0.22 0.27 0.27 0.28 0.42 0.38 
Effluent SN (g) 0.35 0.35 0.36 0.49 0.38 0.43 0.38 0.34 0.42 0.40 0.35 0.42 0.50 
SN production (g) 0.17 0.16 0.04 0.17 0.06 -0.02 -0.02 0.12 0.15 0.13 0.08 0.01 0.12 
Influent VSS (g) 5.3 7.0 4.6 6.5 4.0 6.0 6.1 4.3 6.8 6.8 3.7 5.6 5.6 
\Effluent VSS (g) 3.3 3.4 3.8 3.6 1.9 1.9 1.9 2.9 3.3 3.2 1.6 2.1 1.9 
VSS destruction (g) 2.0 3.6 0.8 2.8 2.1 4.0 4.2 1.5 3.6 3.6 2.1 3.5 3.7 
VSS destruction (%) 38 52 18 44 53 68 68 34 52 53 56 62 66 
PN/VSS ratio 0.068 0.068 0.071 0.071 0.040 0.040 0.040 0.058 0.058 0.058 0.034 0.034 0.034 
N release (g) 0.14 0.25 0.06 0.20 0.08 0.16 0.17 0.08 0.21 0.21 0.07 0.12 0.13 
Closure (%) 110 79 94 95 95 71 67 113 88 84 102 79 98 
 
Phase 3 
(Day71-99) 
PS100% TWAS100% FW100% FW10% PSTWAS90% FW90% PSTWAS10% 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Influent SN (g) 0.33 0.44 0.52 0.48 0.37 0.64 0.64 0.33 0.45 0.40 0.38 0.66 0.76 
Effluent SN (g) 0.41 0.55 0.50 0.70 0.53 0.68 0.73 0.44 0.67 0.62 0.45 0.75 0.70 
SN production (g) 0.08 0.12 -0.02 0.22 0.16 0.05 0.10 0.11 0.21 0.21 0.08 0.09 -0.06 
Influent VSS (g) 7.7 15.7 7.9 15.8 6.4 11.6 11.6 7.0 14.7 15.1 5.5 11.3 11.8 
Effluent VSS (g) 4.4 7.0 4.4 8.2 1.8 4.6 3.6 3.9 7.0 6.9 2.0 3.7 3.4 
VSS destruction (g) 3.3 8.7 3.4 7.7 4.6 7.0 8.0 3.1 7.7 8.2 3.5 7.6 8.4 
VSS destruction (%) 43 55 44 48 72 61 69 45 53 54 64 67 71 
PN/VSS ratio 0.068 0.068 0.071 0.071 0.0395 0.0395 0.0395 0.0579 0.0579 0.0579 0.0342 0.0342 0.0342 
N release (g) 0.23 0.59 0.24 0.54 0.18 0.28 0.32 0.18 0.45 0.48 0.12 0.26 0.29 
Closure (%) 74 53 66 68 96 75 77 86 74 70 91 81 67 
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3.3.7   Synergism 
The synergistic effect of the use of FW as co-substrate for R8-R13 was quantified based on biogas 
production per COD added in the mono-digesters (R1-R7) as presented in Table 3.8. In Phase 1, 
for example, the average CH4 production per gCOD for PS100% reactors is 141 
mLCH4/gCODadded. Similarly, TWAS 100% and FW 100% reactors produced 129 
mLCH4/gCODadded and 224 mLCH4/gCODadded, respectively. The average CH4 production per 
gCOD for R8-R10 was 179 mLCH4/gCODadded. The theoretical methane production for R8-R10 
can be estimated based on methane production from mono-digesters and COD contribution of each 
substrates taken from Table 1b i.e. 141 mLCH4/gCODadded × PS COD fraction of 0.35 + 129 
mLCH4/gCODadded × TWAS COD fraction of 0.44 + 224 mLCH4/gCODadded × FW COD 
fraction of 0.22 = 155 mLCH4/gCODadded. The measured value of the reactor i.e. 179 
mLCH4/gCODadded was 13% higher than the 155 mLCH4/gCODadded, indicating that biogas 
increase for co-digestion. However, the estimated biogas production for R11-R13 using the same 
approach was 3%, indicating insignificant synergistic effect for the reactor fed with FW 90%. It is 
apparent that in all three phases for the reactors treating 10% FW and 90% PS&TWAS showed a 
beneficial synergistic increase in biogas of 4% to 13% while the reactors treating 90% FW&10% 
PS&TWAS exhibited lower synergistic benefits. This is to be expected since the biogas production 
of FW is significantly higher than both PS and TWAS, and hence 10% addition of PS+TWAS 
would not enhance biogas production. 
A previous study conducted by Kim et al. (2016) who operated co-digesters fed with a mixture of 
FW, PS, and TWAS with a volumetric fraction FW of 20% and 40% at an SRT of 20 days reported 
that the methane yield increased by 18%-20% compared to the mono-digester treating PS+TWAS. 
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Table 3-9. Synergistic effects of co-digestion 
Phase 1 (Day 30-50) PS100% TWAS100% FW100% FW10%+PSTWAS90% FW90%+PSTWAS10% 
R1  R2  R3  R4  R5  R6  R7  R8  R9  R10  R11  R12  R13  
OLR (kgCOD/m3/day) 2 2 2 2 2 2 2 2 2 2 2 2 2 
mLCH4/gCODadded 146 136 123 135 240 202 231 175 172 188 226 228 253 
Average (mLCH4/gCODadded) 141 129  224   179 (R9, R10)  236 (R12, R13) 
Theoretical 
(mLCH4/gCODadded) 
       155   221   
Measured/Theoretical (%)        113   103   
 
Phase 2 (Day 51-70) PS100% TWAS100% FW100% FW10%+PSTWAS90% FW90%+PSTWAS10% 
R1  R2  R3  R4  R5  R6  R7  R8  R9  R10  R11  R12  R13  
OLR (kgCOD/m3/day) 2 3 2 3 2 3 3 2 3 3 2 3 3 
mLCH4/gCODadded 159 216 142 195 263 248 230 179 237 238 258 243 277 
Average (mLCH4/gCODadded)      239   237 (R9, R10)  260 (R12, R13) 
Theoretical 
(mLCH4/gCODadded) 
       172 210  257 236  
Measured/Theoretical (%)        104 113  100 110  
 
Phase 3 (Day 71-99) PS100% TWAS100% FW100% FW10%+PSTWAS90% FW90%+PSTWAS10% 
R1  R2  R3  R4  R5  R6  R7  R8  R9  R10  R11  R12  R13  
OLR (kgCOD/m3/day) 2 4 2 4 2 4 4 2 4 4 2 4 4 
mLCH4/gCODadded 155 163 142 146 270 196 183 180 186 181 258 202 217 
            
Theoretical 
(mLCH4/gCODadded) 
       173 164  264 194  
Measured/Theoretical (%)        104 113  98 104  
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3.3.8 Alkalinity effect 
Different concentrations of alkalinity were added to FW100%, FW10%, and FW90% systems in 
Phases 2 and 3 in order to investigate alkalinity effect on FW mono- and co-digestion. In Phases 
2 and 3, R6, R9, and R12 were fed with alkalinity of 1.5-2 gCaCO3/L. R7, R10, and R13 were fed 
with 2.5-3 gCaCO3/L in Phase 2 and 3-3.5 gCaCO3/L in Phase 3. In Phase 2, daily gas production 
between R6 and R7, R9 and R10, and R12 and R13 were close, indicating there is no impact of 
alkalinity supplementation at an OLR of 3 kg/m3/d. In Phase 3, R7 produced slightly 7% lower gas 
than R6 while R13 generated 6% higher gas than R12. No difference was observed in gas 
production for R9 and R10. Thus, the impact of the supplemented alkalinity dosage was not 
significant.  
 
3.4  Microbial Communities 
Microbial community analysis was conducted for the initial inoculum, PS, TWAS, FW, and 
effluent samples from R3, R5, R8, and R11 at an OLR of 2 kgCOD/m3/day (Day 63). In addition, 
final samples from the remaining reactors at an OLR of 4 kgCOD/m3/day were collected and 
tested.    
Microbial community diversity was estimated based on species observed and Shannon’s evenness 
index, which is computed by dividing Shannon’s diversity index by the natural logarithm of 
species richness. Shannon’s diversity index was calculated as follows: the proportion of each 
detected species relative to the total number species was computed, and then multiplied by the 
natural logarithm of this proportion. The sum of the proportion multiplied by -1 is Shannon’s  
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diversity index. Shannon’s evenness index ranged from 0 to 1 with 1 indicating more evenness in 
microbial community.  
As apparent from Figure 3-6, the results showed that the observed species were 400-500 for FW 
digestates and 500-700 for municipal sludge digestates, indicating the lower richness of species 
for FW dominant digestion. Similarly, Shannon’s evenness index was similar for both FW and 
municipal sludge digestates at 0.41-0.56, indicating that the evenness in microbial communities 
for both digesters was similar. Figure 2 shows the relative abundance of the various microbial 
groups that will be elaborated upon in sections 3.4.1 to 3.4.4. 
 
 
Figure 3-6: Shannon’s Evenness index vs observed species 
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3.4.1   Hydrolytic bacteria 
Hydrolytic bacteria convert raw feedstocks into smaller organic molecules that can be used by 
other microbial groups (Li et al., 2015). The majority of hydrolytic bacteria are in the two phyla 
Firmicutes and Bacteroidetes (L. Li et al., 2015). Firmicutes abundance in the samples was 49% 
(inoculum), 51% (PS), 30% (TWAS), and 98% (FW) with similar abundance in all digesters: 19%-
39% (R1-R2, PS), 23%-42% (R3-R4, TWAS), 31%-40% (R5-R7, FW), 33%-35% (R8-R10, 
10%FW), and 28%-49% (R11-R13, 90%FW) (Figure 3-7a). Similarly, Bacteroidetes content in 
the samples was 22% (inoculum), 16% (PS), 32% (TWAS), and 0.3% (FW). The abundance of 
Bacteroidetes in the different digesters varied i.e. 17%-22% (R1-R2, PS), 7%-20% (R3-R4, 
TWAS), 17%-33% (R5-R7, FW), 11%-26% (R8-R10, 10%FW), and 22%-40% (R11-R13, 
90%FW), indicating FW digesters contained higher Bacteroidetes. 
Among the hydrolytic bacteria, the relative abundance of Clostridium, reportedly known as a major 
contributor to hydrolysis (Wang et al., 2018), was 0.6% for the inoculum, 5.3% for PS, 5% for 
TWAS, 0.05% for FW, 1.3%-2.8% for R1-R4 (PS, TWAS) and R8-R10 (10%FW), and 0.6%-
1.2% for R5-R7 (FW) and R11-R13 (90%FW), indicating more abundance in digesters treating 
municipal sludges than FW digesters due to the influence of feed (Figure 3-7b).   
The impact of OLR on the aforementioned bacteria varied between substrates. Bacteroidetes 
increased by 28%-209% for all substrates as OLR increased from 2 to 4 kgCOD/m3/d. However, 
Firmicutes abundance was similar for 10% FW reactors and decreased by 19%-45% for TWAS 
and 90% FW reactors while PS fed reactors showed an increase of 109%. Additionally, 
Clostridium abundance was higher for high OLR reactors increasing by 118% (PS), 70% (FW), 
54% (90% FW) and decreasing by 22% (TWAS) and 41% (10%FW).  Thus, with an OLR increase, 
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the major microbes for hydrolysis shifted from Firmicutes and Clostridium to Bacteroidetes for 
the TWAS reactor, from Clostridium to Bacteroidetes for 10%FW reactors, while all three i.e. 
Firmicutes, Clostridium, and Bacteroidetes increased for PS reactors. OLR increase also enhanced 
the activity of Clostridium in FW and 90% FW reactors.  
 
3.4.2   Fermentative bacteria/acetogens 
Fermentative bacteria/acetogens content in the different samples was 9% for inoculum, 6% for PS 
and TWAS, 0.1% for FW, 2.1%-6.6% for R1-R4 (PS and TWAS) and R8-R10 (10%FW), 6.4%-
17% for R5-R7 (FW) and R11-R13 (90%FW), indicating that the species were more abundant in 
the FW reactors despite low content in FW itself (Figure 3-7c). The major species for the digesters 
were Syntrophomonas, Clostridium, Acetivibrio, and Syntrophorhabdus. The relative content of 
these four species in the microbial group varied between feed types. PS reactors contained 
Clostridium (58%-63%), Syntrophomonas (17%-20%), Syntrophorhabdus (7%-15%), and 
Acetivibrio (4%-12%) while TWAS reactors showed Syntrophomonas (46%-53%), Clostridium 
(30%-53%), Acetivibrio (12%-13%) and Syntrophorhabdus (1%-3%). Similarly, 100% FW 
reactors had Syntrophomonas (73%-82%), Acetivibrio (9%-20%), and Clostridium (4%-15%), 
similar to 90% FW i.e. Syntrophomonas (73%-83%), Acetivibrio (8%-11%), and Clostridium (4%-
15%). 10% FW reactors showed Syntrophomonas (37%-59%) Clostridium (21%-42%), and 
Acetivibrio (5%-11%). This distribution indicated that Syntrophomonas is predominant for FW 
dominant reactors while Clostridium proliferated in PS and TWAS reactors.  
Particularly, Syntrophomonas was much greater in FW. Syntrophomonas is the syntrophic bacteria 
that degrade VFA with the assistance of hydrogenoclastic methanogens and oxidize butyrate and 
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propionate (Li et al., 2019). Syntrophomonas was found highly active during fats-oil-grease co-
digestion (Ziels et al., 2016).  
The effect of OLR showed that fermentative bacteria/acetogens content significantly decreased by 
32%-52% for TWAS, FW, and 90% FW, and by 7% for 10% FW upon increasing the OLR but 
increased by 133% for PS. The different response for OLR increase was related to the different 
activity change between the reactors. The increase in PS was an increase of abundance of two 
major genus i.e. Clostridium from 1.3% to 2.8% and Syntrophomonas from 0.3% to 1%. In 
contrast, TWAS reactors showed a decrease in Clostridium from 2% to 1.6% and Syntrophomonas 
from 3.5% to 2%. FW reactors also showed that Clostridium slightly increased from 0.6% to 0.7%-
1% while Syntrophomonas decreased from 9.8% to 5-6%. Similarly, the 90% FW reactor showed 
an increase in the abundance of Clostridium from 0.8% to 0.9%-1.2% and a drop of 
Syntrophomonas from 14.1% to 4.9%-5.9%. Moreover, 10% FW reactors showed Clostridium 
decreased from 2.8% to 1.4%-1.6% while Syntrophomonas increased from 2.4% to 3.6-4.7%. 
Thus, with an OLR increase, the activity of Syntrophomonas decreased for FW dominant digesters 
but was enhanced for PS digesters.  
 
3.4.3    Hydrogenesis bacteria and syntrophs 
Clostridium also belongs to hydrogenesis bacteria as predominant bacteria. The detected major 
hydrogenesis bacteria included Clostridium, Variovorax, Methanoculleus, Janthinobacterium, and 
Syntrophus with the predominance of Clostridium of 93%-100% in overall hydrogenesis bacteria. 
The detected major syntrophs consisting of Syntrophorhabdus, Aminobacterium, Geobacter, and 
Syntrophus varied between reactors, and the content was 0.55%-0.61% for PS and 0.33%-0.55% 
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for TWAS, 0.1%-0.19% for FW and 90%FW, and 0.37%-0.55% for 10%FW, indicating that FW 
reactors contained lower Syntrophs. Additionally, as OLR increased, syntrophs content increased 
for PS, TWAS, and 10%FW, and decreased for FW and 90% FW reactors. The major genus of 
syntrophs were Syntrophorhabdus (53%-55%) for PS, Geobacter (56%-69%) for TWAS, 
Aminobacterium (45%-75%) for FW100%, Geobacter (27%-63%) and Syntrophorhabdus (22%-
45%) for 10%FW, and Geobacter (34%-45%) and Aminobacterium (27%-49%) for 90%FW, 
indicating the proliferation of different syntrophs between the digesters (Figure 7d). 
3.4.4    Methanogens 
Methanogens consist of aceticlastic and hydrogenoclastic groups. The major genus of aceticlastic 
were Methanosaeta and Methanosarcina while hydrogenoclastic genus were Methanosphaerula, 
Methanobacterium, and Methanospirillum. Methanogens content in the samples were 8.3% 
(inoculum), 0.04% (PS), 0.05% (TWAS), 0% (FW), and 0.17%-1.59% (R1-R13). At an OLR of 2 
kg/m3/d, methanogens content was higher for FW reactors (0.64%-0.69%) than PS (0.31%) and 
TWAS reactors (0.17%). Similarly, at an OLR of 4 kg/m3/d, FW reactors had methanogens content 
of 0.46%-1.22%, and PS and TWAS reactors showed 0.65% and 1.59%, respectively, clearly 
indicating that OLR increase enhanced methanogens content.  
Aceticlastic methanogens in the archaeal for different reactors as a percentage of total 
methanogens were 87%-94% for PS, 54%-97% for TWAS, 60%-92% for 100% FW, 76%-98% 
for 10% FW, and 62%-92% for 90% FW. The distribution of different methanogens is presented 
in Figure 3-7e. The dominant archaeal genus in the inoculum were Methanosaeta (98%). At an 
OLR of 2 kg/m3/d, the distribution of archaeal genus for R1 (PS) was Methanosaeta (83%), 
Methanobacterium (6%), and Methanospirillum (4%) while R3 (TWAS) showed Methanosaeta 
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(45%), Methanobacterium (21%), and Methanospirillum (23%). Similarly, R5 (FW) showed 
Methanosarcina (44%), Methanosaeta (17%), Methanobacterium (20%), and Methanospirillum 
(14%). R8 (10% FW) had Methanosarcina (52%), Methanosaeta (23%), and Methanobacterium 
(19%). The archaeal genus of R11 (90% FW) consisted of Methanosarcina (58%), Methanosaeta 
(14%), and Methanobacterium (15%). This distribution indicated that Methanosarcina was 
abundant in FW reactors in contrast with PS and TWAS reactors. This distribution clearly shows 
a microbial shift in methanogens from Methanosaeta-dominant inoculum to Methanosarcina-
dominant in FW digesters, noting that the growth rate of the latter is significantly greater than the 
former.  
According to a study by Kirkegaard et al., (2017) who reported microbial communities from 13 
full-scale mesophilic anaerobic digesters, the predominant methanogens were Methanosaeta 
(60%-81%) and Methanolinea (0.3%-23%) with minimal Methanosarcina (0%-0.4%). 
Methanosaeta and Methanosarcina are competing acetoclastic methanogens with Methanosaeta 
growth favored at lower acetate concentrations (Ali et al., 2014). Additionally, Methanosarcina is 
both an acetoclastic and hydrogenotrophic methanogens which can produce methane from acetate, 
methanol, monomethylamine, dimethylamine, trimethylamine, H2/CO2, and CO (Guo et al., 2014). 
Methanosarcina is more flexible in metabolism and can outcompete other methanogens (Guo et 
al., 2014).  
As OLR increased to 4 kg/m3/day, Methanosarcina content as percent of all methanogens 
increased from 2% to 12% for PS and from 5% to 90% for TWAS, and from 52% to 81% for 
10%FW while decreasing from 44% to 34% for FW and 58% to 27% for 90%FW, indicating that 
Methanosarcina activity was enhanced with OLR increase for PS and TWAS predominant 
reactors. Additionally, OLR increase also changed the abundance of acetoclastic methanogens 
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from 87% to 94% for PS, from 54% to 97% for TWAS, from 62% to 92% for FW, from 76% to 
96% for 10%FW, and from 73% to 62% for 90%FW, indicating that OLR increase promotes 
acetoclastic methanogens.  
The effect of alkalinity on methanogens assessed by comparing R6 and R7, R9 and R10, and 
R12 and R13, showed that Methanosarcina content among methanogens was 34% (R6) and 48% 
(R7), 81% (R9) and 91% (R10), 27% (R12) and 72% (R13), indicating the higher content in 
higher alkalinity. Similarly, compared with lower alkalinity added reactors, Methanosaeta 
content for the reactors fed with higher alkalinity was lower i.e. 57% (R6) and 27% (R7), 14% 
(R9) and 7% (R10), 34% (R12) and 16% (R13). Methanospirillum (hydrogenoclastic 
methanogen) content also showed a significant change for the reactors fed with FW dominant 
substrate i.e. 5% (R6) and 21% (R7), 1% (R9) and 0.3% (R10), and 32% (R12) and 6% (R13). 
Thus, alkalinity dosage affected microbial community structure i.e. at high alkalinity, 
Methanosarcina which has a high Monod half-saturation constant for VFA  proliferated  (Henze, 
2008).  
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Figure 3-7. Relative abundance of different anaerobic microbial group. 
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3.5       Relationship between digesters performance and microbial 
communities 
 
3.5.1       Based on the relative abundance of the microbes 
The Pearson correlation coefficients were tested between the relative abundance of different 
microbes and digestion performance for municipal sludge reactors i.e. PS, TWAS, 10%FW and 
FW reactors i.e. FW and 90%FW (Table 3-11b).  Bacteroidetes showed a strong positive 
correlation (Pearson coefficient >0.9, p>0.05) with COD degradation rate and methane production 
rate for both municipal sludge reactors and FW reactors, indicating their contribution to digestion 
performance. Firmicutes showed a positive relationship with degradation rate and methane 
production rate for FW reactors only. Syntrophs also showed a positive correlation with 
degradation rate for municipal sludge reactors in contrast to a negative correlation for FW reactors.  
As expected, aceticlastic methanogens were well correlated with methane production rate for both 
feeds. Methanobacterium and VFA showed a positive relationship for municipal sludge digesters 
contrary to a negative correlation for FW digesters. Methanospirillum showed a positive 
correlation with VFA for FW digesters. Fermentative/acetogenic bacteria and their major genus 
Syntrophomonas showed a strong negative correlation with COD degradation rate and methane 
production rate for FW digesters.  Methane production per CODadded was positively related to 
Bacteroidetes and aceticlastic methanogens for municipal sludge digesters contrary to a negative 
relationship with Clostridium and positive relationship with Methanobacterium for FW digesters. 
A potential relationship between the relative abundance of various microbes was also examined 
using the Pearson coefficients (Table 3-11c). A good positive correlation was seen between 
Bacteroidetes and syntrophs, and between Firmicutes and fermentative/acetogenic bacteria for 
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municipal sludge reactors. Similarly, syntrophs also showed a good negative correlation with 
hydrogenoclastic methanogens in FW digesters. The relationship indicates the different interaction 
of various microbes in anaerobic digestion. A positive correlation was observed between 
Firmicutes and syntrophs for FW digesters, between Firmicutes and fermentative/acetogenic 
bacteria for both feedstocks, between Bacteroidetes and hydrogenesis bacteria for FW digesters in 
contrast to a negative correlation of syntrophs against Bacteroidetes and hydrogenesis bacteria for 
FW digesters. 
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Table 3-10. Summary of the Pearson correlation (a) parameters (b) results based on the relative abundance of microbes (c) the 
Pearson correlation coefficients between different microbes   
(a) 
Parameters PS TWAS FW 10% FW 90%FW 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
OLR (kg/m3/d) 2 4 2 4 2 4 4 2 4 4 2 4 4 
k (d-1) 0.079 0.098 0.036 0.080 0.096 0.130 0.139 0.048 0.101 0.110 0.095 0.160 0.188 
Methane production rate (mL/day) 93 195 72 176 134 235 220 99 223 217 126 243 261 
Methane production (mL/gCODadded) 155 163 120 147 223 196 183 165 186 181 210 203 218 
COD removal (%) 50 51 36 46 64 61 57 49 56 55 60 62 67 
VFA (g/L) 0.7 0.61 0.62 0.5 1.38 2.64 4.08 0.97 0.65 0.66 1.47 3.28 2.6 
(b) 
Parameter Municipal sludge digesters (PS, TWAS,10% FW) FW digesters (90% & 100%) 
k 
(d-1) 
Methane 
production 
rate 
(mL/day) 
Methane 
production 
(mL/ 
g CODadded) 
COD 
removal 
(%) 
VFA 
(g/L) 
k 
(d-1) 
Methane 
production 
rate 
(mL/day) 
Methane 
production 
(mL/ 
g CODadded) 
COD 
removal 
(%) 
VFA 
(g/L) 
Bacteroidetes 0.99 0.92 0.92 0.84 -0.39 0.94 0.94 -0.23 0.32 0.56 
Firmicutes -0.24 0.03 -0.11 -0.26 0.13 -0.80 -0.91 -0.14 -0.65 -0.29 
Clostridium -0.34 -0.17 -0.10 -0.17 0.44 0.66 0.73 -0.18 0.22 0.97 
Syntrophs 0.86 0.87 0.50 0.63 -0.53 -0.92 -1.00 0.42 -0.40 -0.94 
Total methanogens 0.71 0.82 0.86 0.79 0.07 0.93 0.90 0.03 0.57 0.35 
Aceticlastic methanogens a 0.79  0.87 0.86 0.81 -0.05 0.89 0.91 -0.07 0.47 0.37 
Methanosaeta 0.28 0.15 -0.03 0.16 -0.19 0.23 0.59 -0.49 -0.13 0.36 
Methanosarcina 0.59 0.71 0.75 0.65 0.02 0.87 0.61 0.31 0.67 0.15 
Hydrogenoclastic 
methanogens 
-0.77 -0.60 -0.27 -0.39 0.87 -0.41 -0.58 0.30 -0.04 -0.18 
Methanobacterium -0.63 -0.46 0.08 -0.20 0.93 -0.60 -0.83 0.81 0.36 a -0.86  
Methanospirillum -0.49 -0.32 -0.87 -0.61 -0.27 0.33 0.37 -0.60 -0.39 0.89 
Hydrogenesis bacteria -0.31 -0.14 -0.07 -0.13 0.44 0.65 0.72 -0.17 0.22 0.35 
fermentative/acetogenic 
bacteria 
-0.18 0.19 0.12 -0.08 0.23 -0.83 -0.96 0.41 -0.17 -0.73 
Syntrophomonas 0.07 0.33 0.22 -0.02 -0.02 -0.80 -0.93 0.33 -0.68 -0.68 
 n is 5-6; p values are >0.05 except the cases in bold; a: p=0.06 
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(c)  
 
Bacteroidetes Firmicutes Syntrophs Total 
methanogens 
Aceticlastic  
methanogens  
Hydrogenoclastic  
methanogens 
Hydrogenesis 
bacteria 
Fermentative /  
Acetogenic 
bacteria 
[Municipal sludge 
digesters] 
        
Firmicutes -0.28        
Syntrophs 0.82 -0.47       
Total methanogens 0.62 -0.30 0.39      
Aceticlastic  
methanogens 
0.67 -0.32 0.44 1.00     
Hydrogenoclastic 
 methanogens 
-0.73 0.25 -0.72 -0.23 -0.32    
Hydrogenesis bacteria -0.33 0.61 -0.18 -0.26 -0.31 0.58   
Fermentative /  
Acetogenic bacteria 
-0.14 0.79 -0.60 0.13 0.10 0.35 0.30  
Syntrophomonas 0.11 0.47 -0.38 0.54 0.53 -0.04 -0.25 0.84 
 
[FW digesters] 
        
Firmicutes -0.70        
Syntrophs -0.87 0.78       
Total methanogens 0.50 -0.70 -0.35      
Aceticlastic 
methanogens 
0.59 -0.71 -0.43 0.98     
Hydrogenoclastic  
methanogens 
-0.63 0.40 0.54 -0.55 -0.68    
Hydrogenesis bacteria 0.81 -0.43 -0.88 0.02 0.16 -0.60   
Fermentative /  
Acetogenic bacteria 
-0.83 0.85 0.73 -0.50 -0.56 0.41 -0.57  
Syntrophomonas -0.79 0.88 0.74 -0.47 -0.51 0.35 -0.55 0.99 
 p values are >0.05 except the cases in bold   
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3.5.2    Based on the mass of microbes 
The Pearson correlation coefficients were also tested between the mass of different microbes and 
digestion performance. The mass of various microbes was estimated based on the produced active 
cells and the abundance of microbes. The production of active cells was calculated according to 
Eq (1) Li et al., (2016).  
Px = Y×(So-S) × Q / (1+kd×SRT)  
Where, Y is sludge yield i.e. 0.08 gVSS/gCOD 
So-S is influent COD-effluent COD 
Q is flowrate (L/d) 
Methane production rate (L/d) was used for (So-S) ×Q  
kd: decay rate (0.06 d-1) 
SRT: 15 d 
 
The estimated mass of different microbes and the Pearson coefficients are presented in Table 3-
12. The Pearson correlation coefficients were examined with performance for municipal sludge 
digesters and FW digesters. Bacteroidetes were strongly correlated with degradation rate and 
methane production rate for the both feedstocks. Firmicutes also showed a better correlation with 
methane production rate for municipal sludge digesters than FW digesters, indicating impact of 
Firmicutes on methane production rate was more pronounced in municipal sludge digesters. 
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Methane production per CODadded showed a negative relationship with Firmicutes for FW digesters 
only.  
Clostridium showed a stronger correlation with methane production rate for FW digesters than 
municipal sludge feedstocks. Since the content of Clostridium is insignificant in FW, the higher 
relationship for FW digesters may indicate that Clostridium is an essential microbe for FW 
digestion. In contrast, syntrophs showed a strong correlation with degradation rate and methane 
production rate for municipal sludge only, indicating that syntrophs may proliferate in municipal 
sludge digestion. 
Aceticlastic methanogens showed a good relationship with methane production rate for both 
feedstocks. Methanobacterium and VFA showed a positive correlation for municipal sludge 
digesters in contrary to a negative relationship for FW digesters.  Methanobacterium and methane 
production per CODadded also showed a positive relationship for FW digesters. Methanospirillum 
showed a positive correlation with VFA for FW digesters. Fermentative/acetogenic bacteria 
showed a positive correlation with methane production rate for municipal sludge digesters and a 
negative correlation for FW digesters.   
The relationship between different microbes were different in municipal sludge reactors and FW 
reactors. Bacteroidetes were strongly correlated with Firmicutes, Syntrophs, aceticlastic 
methanogens, fermentative/acetogenic bacteria, Syntrophomonas for municipal sludge reactors 
and with methanogens and hydrolytic bacteria for FW reactors. Similarly, Firmicutes were also 
correlated with syntrophs, hydrogenesis bacteria, and fermentative/acetogenic bacteria for 
municipal sludge digesters in contrast to no correlation for FW digesters. Syntrophs also showed 
a good correlation with methanogens, hydrogenesis bacteria, and fermentative bacteria for 
municipal sludge digesters contrary to no correlation for FW digesters. Methanogens showed a 
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good relationship with fermentative/acetogenic bacteria i.e. a positive correlation with municipal 
sludge and inverse correlation for FW digesters. The negative relationship for FW digesters was 
because methanogens increased with higher OLR contrary to a decrease in fermentative/acetogenic 
bacteria.  
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Table 3-11. Summary of the Pearson correlation (a) parameters (b) results based on the mass of microbes (c) the Pearson 
correlation coefficients between different microbes   
(a) 
g in active cell (×10-4) PS TWAS FW 10% FW 90%FW 
R1 R2 R3 R4 R5 R1 R2 R3 R4 R5 R1 R2 R13   
Bacteroidetes 23 62 7 51 35 111 88 16 76 82 43 122 150 
Firmicutes 25 108 45 58 78 103 124 52 107 103 94 129 104 
Clostridium 2 8 2 4 1 3 2 4 5 4 1 4 4 
Syntrophs 0.7 1.7 0.3 1.4 0.4 0.4 0.6 0.6 1.7 1.5 0.4 0.4 0.4 
Methanogens 0.4 1.8 0.2 4.0 1.4 3.3 2.5 1.0 2.7 3.8 1.3 1.6 4.5 
Aceticlastic methanogens 0.4 1.7 0.1 3.9 0.9 3.0 1.9 0.8 2.5 3.7 0.9 1.0 4.0 
Methanosaeta 0.3 1.4 0.1 0.2 0.2 1.9 0.7 0.2 0.4 0.3 0.2 0.5 0.7 
Methanosarcina 0.01 0.2 0.01 3.6 0.6 1.1 1.2 0.5 2.1 3.4 0.7 0.4 3.2 
Hydrogenoclastic methanogens 0.1 0.1 0.1 0.1 0.5 0.3 0.6 0.2 0.1 0.1 0.3 0.6 0.5 
Methanobacterium 0.02 0.1 0.04 0.04 0.3 0.1 0.1 0.2 0.1 0.03 0.2 0.1 0.2 
Methanospirillum 0.02 0.02 0.04 0.07 0.2 0.2 0.5 0.04 0.02 0.01 0.1 0.5 0.3 
Hydrogenesis bacteria 2 8 2 4 1 3 2 4 5 5 2 4 4 
Fermentative / Acetogenic bacteria 3 13 7 11 27 23 25 10 19 21 33 28 24 
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(b) 
Parameter Municipal sludge digesters (PS, TWAS,10% FW) FW digesters (90% & 100%) 
k 
(d-1) 
Methane 
production 
rate 
(mL/day) 
Methane 
production 
(mL/ 
g CODadded) 
COD 
removal 
(%) 
VFA 
(g/L) 
k 
(d-1) 
Methane 
production 
rate 
(mL/day) 
Methane 
production 
(mL/ 
g CODadded) 
COD 
removal 
(%) 
VFA 
(g/L) 
Bacteroidetes 0.93 0.99 0.76 0.77 -0.40 0.96 0.97 -0.22 0.36 0.59 
Firmicutes a 0.73 0.90 0.67 0.62 -0.23 0.61 0.68 -0.74 -0.41 0.91 
Clostridium 0.54 0.70 0.49 0.49 -0.11 0.84 0.92 -0.24 0.28 0.55 
Syntrophs 0.92 0.98 0.68 0.72 -0.47 0.12 0.22 -0.83 -0.74 a 0.85  
Total methanogens 0.68 0.83 0.50 0.50 -0.45 0.95 0.96 -0.10 0.47 0.48 
Aceticlastic methanogens 0.69 0.84 0.49 0.50 -0.47 0.92 0.95 -0.10 0.46 0.44 
Methanosaeta 0.44 0.38 0.22 0.30 -0.17 0.34 0.67 -0.48 -0.07 0.40 
Methanosarcina 0.54 0.69 0.41 0.39 -0.41 0.95 0.77 -0.18 0.63 0.29 
Hydrogenoclastic methanogens -0.37 -0.11 0.15 0.03 0.65 0.43 0.30 -0.12 0.02 0.56 
Methanobacterium -0.39 -0.21 0.21 0.08 0.84 -0.37 -0.63 0.91 0.59 -0.83 
Methanospirillum -0.49 -0.26 -0.59 -0.61 -0.27 0.52 0.54 -0.55 -0.29 0.86 
Hydrogenesis bacteria 0.58 0.73 0.53 0.52 -0.13 0.84 0.92 -0.24 0.28 0.55 
fermentative/acetogenic bacteria 0.68 0.89 0.73 -0.16 -0.16 -0.70 -0.87 0.28 -0.58 -0.58 
Syntrophomonas 0.57 a 0.73 0.63 -0.14 -0.14 -0.56 -0.71 0.09 -0.37 -0.37 
 n is 5-6; p values are >0.05 except the cases in bold; a: p=0.06 
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(c) 
 
Bacteroidetes Firmicutes Syntrophs Total 
methanogens 
Aceticlastic  
methanogens  
Hydrogenoclastic  
methanogens 
Hydrogenesis 
bacteria 
Fermentative / 
Acetogenic 
bacteria 
[Municipal sludge 
digesters] 
        
Firmicutes 0.88 
      
 
Syntrophs 0.96 0.86 
     
 
Total methanogens 0.81 0.59 0.77 
    
 
Aceticlastic  
methanogens 
0.82 0.59 0.78 1.00 
   
 
Hydrogenoclastic  
methanogens 
-0.21 -0.01 -0.17 0.01 -0.03 
  
 
Hydrogenesis bacteria 0.66 0.85 0.77 0.41 0.40 0.23 
 
 
Fermentative /  
Acetogenic bacteria 
0.89 0.91 0.78 0.95 0.94 0.06 0.62  
Syntrophomonas 0.77 0.68 0.57 0.70 0.71 -0.10 0.24 0.91 
 
[FW digesters] 
        
Firmicutes 0.60        
Syntrophs -0.06 0.44       
Total methanogens a 0.79  0.15 0.06      
Aceticlastic  
methanogens 
0.76 0.10 0.02 0.99     
Hydrogenoclastic  
methanogens 
0.21 0.51 0.36 -0.09 -0.19    
Hydrogenesis bacteria 0.93 0.66 -0.21 0.56 0.54 0.18   
Fermentative /  
Acetogenic bacteria 
-0.67 -0.20 -0.21 a -0.80  -0.78 -0.10 -0.53  
Syntrophomonas -0.64 -0.14 -0.01 -0.68 -0.65 -0.18 -0.58 0.95 
 p values are >0.05 except the cases in bold, a: p=0.05-0.06 
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Comparing correlation tests between the two approaches above i.e. based on relative abundance 
(Table 3-11) and mass (Table 3-12), different results were pronounced. Firmicutes on mass basis 
are correlated better with COD degradation rate and methane production rate than on a relative 
abundance basis. Syntrophs correlated with COD degradation rate and methane production rate 
for municipal sludge for both approaches while a negative correlation was observed for FW 
digesters based on relative abundance contrary to no relationship based on mass of bacteria, which 
is more plausible. Similarly, Clostridium has no relationship with degradation for FW digesters 
based on its relative abundance contrary to a positive correlation based on its mass. The relative 
abundance of fermentative/acetogenic bacteria showed no correlation with methane production 
rate for municipal sludge digesters while a strong relationship was observed based on their 
population mass. Hydrogenesis bacteria correlated positively with COD degradation rate and 
methane production rate on mass basis but not on the relative abundance basis. 
Some cases showed similar results for both approaches. For instance, overall aceticlastic 
methanogens showed similar correlations for both relative abundance and mass basis. On both 
basis, Methanobacterium correlated positively with VFA for municipal sludges but negatively for 
FW. On both basis, Methanospirillum also correlated positively with FW VFA only.  
However, generally, the two approaches showed different results. The aforementioned 
discrepancies indicate that the microbial community data in relation to digestion performance 
should be examined based on the relative abundance and population mass, with population mass 
basis yielding more plausible outcomes.  
Based on the different microbial communities, the synergism which affected 13% higher methane 
than theoretical is due to the enhanced activity of different microbes. Particularly, the relative 
abundance of Methanosarcina (the faster growing methanogen) in the PS and TWAS digesters 
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ranged mostly from 2% to 12%, and from 34% to 48% (average of 42%) in the FW, as compared 
with 52%-91% in the 10%FW. In addition, based on population mass, the average population of 
microbes for the three 10%FW reactors was higher than that of four PS and TWAS reactors by 
62% for Bacteroidetes, 48% for Firmicutes, 92% for fermentative/acetogenic bacteria, and 15% 
for clostridium, 22% for syntrophs, 112% for Methanosarcina, and 129% for Methanobacterium. 
Among fermentative/acetogenic bacteria, the mass population of Syntrophomonas in 10% FW 
increased by 224% compared with PS and TWAS digesters.  
Compared with FW reactors, 10% FW reactors also showed the increased population mass for 
Clostridium (101%), syntrophs (179%), and Methanosarcina (109%) while Bacteroidetes, 
Firmicutes, and fermentative/acetogenic bacteria slightly decreased by 14%-34%. Particularly, as 
the genus Clostridium belongs to hydrolytic bacteria, fermentative/acetogenic bacteria, and 
hydrogenesis bacteria, its abundance significantly contributes to enhancing hydrolysis, 
acidogenesis, acetogenesis, and hydrogenesis performance. Hence, considering the dynamic 
interaction of anaerobic digestion microbial communities, the enhanced performance of FW co-
digestion with municipal sludges over sludge mono-digestion is primarily associated with the 
enhanced activity of hydrolytic bacteria, Clostridium, Syntrophomonas, syntrophs, 
Methanosarcina, and Methanobacterium.   
  
3.6     Effect of FW OLR on microbial communities  
The relationship among different microbes at various OLR of FW was examined to explore the 
effect of FW OLR on microbial community (Figures 8a-c). The FW OLR was estimated from 10% 
FW, 90% FW, 100% FW at OLR of 2 and 4 kgCOD/m3/day.  
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The relationship between microbes and FW OLR varied depending on the type of microbes. 
Notwithstanding some of the statistically poor correlation coefficients, some general trends are 
readily discernible. As apparent from Figure 8a, the population mass of Bacteroidetes, Firmicutes, 
aceticlastic methanogens, and hydrogenoclastic methanogens showed generally a linear 
relationship with FW OLR ranging from 0.4 to 4 kgCOD/m3/day. Particularly, among 
hydrogenoclastic methanogens, Methanospirillum followed this pattern (Figure 9). In addition, 
this linear pattern was also observed for degradation rates. Hence, this positive relationship 
indicates that the higher FW OLR increased the abundance of the abovementioned microbes as 
well as degradation rates.  
In contrast, some microbes followed non-linear relationship with FW OLR similar to methane 
production per CODadded. As presented in Figure 3b, methane gas production per overall CODadded 
increased as FW OLR increased from 1 to 2 kgCOD/m3/day and declined at FW OLR of 4 
kgCOD/m3/day, indicating that the peak methane production per CODadded was achieved at OLR 
of 2 kgCOD/m3/day. The same pattern was observed for fermentative/acetogenic bacteria i.e. 
Syntrophomonas and Acetivibrio (although on a mass basis Acetivibrio was much lower than 
Syntrophomonas) and a hydrogenoclastic methanogen i.e. Methanobacterium (Figures 8b and 9).  
Particularly, Syntrophomonas is a syntrophic acetogen responsible for syntrophic metabolism of 
alcohols, short chain fatty acids, and amino acids to produce substrates for methanogens. This 
mechanism is favorable with the presence of a syntrophic partner such as hydrogenotrophic 
methanogens including Methanobacterium (Shawn and Mcinerney, 1989). Hence, the 
proliferation of Syntrophomonas and Methanobacterium may contribute to increase methane 
production per CODadded. Syntrophomonas decreased at FW OLR of 4 kg/m3/day, possibly due to 
high VFA inhibition. Shawn and Mcinerney, (1989) who investigated the effect of organic acid 
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anions on Syntrophomonas wolfei reported that as acetate concentrations increased from 0 to 5 
g/L, butyrate degradation decreased by 28%, indicating VFA inhibition of the microbe.  
Considering that the greatest synergism was observed for 10% FW digesters or 1.9 kgCOD/m3/day 
showing the highest methane production per CODadded, Syntrophomonas, Acetivibrio, and 
Methanobacterium could be major contributing microbes.  
Among fermentative/acetogenic bacteria, Clostridium showed an opposite trend to 
Syntrophomonas in relation to OLR i.e. their lowest mass at FW OLR of 2 kgCOD/m3/day and 
higher mass at the lowest and highest OLR (Figure 9). Compared with Syntrophomonas, 
Clostridium was more abundant in PS digesters by 188%-276%, lower in TWAS digesters by 
25%-43%, and much lower in FW and 90% FW digesters by 80%-95%. 10%FW digesters also 
showed that relative to Syntrophomonas, the abundance of Clostridium was higher by 14% at an 
OLR 2 kgCOD/m3/day and lower by 55%-70% at an OLR 4 kgCOD/m3/day, indicating that the 
growth of the two microbes is affected by substrate type and OLR. Since FW co-digestion fosters 
the favorable environment for Syntrophomonas over Clostridium, the former more strongly affects 
digestion performance than the latter. Thus, although as mentioned earlier (section 3.4), 
Clostridium correlated positively with methane production in the FW digesters for 10% FW, FW 
contributed only about 20% of the organic loading rate, thus diminishing its impact on methane 
production relative to the enhancement by Syntrophomonas (Figure 3-8b). 
As presented in Figure 8c. Methanosaeta and Methanosarcina were more abundant for the highest 
OLR of 4 kgCOD/m3/day where methane production per CODadded was not the highest.  
Methanosarcina was abundant than Methanosaeta by 2.6 times on average. VFA levels and pH at 
the OLR of 4 kgCOD/m3/d were 2.9-3.4 g/L and 7.3, respectively (Figures 3-8c and 3-9) while the 
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optimum range of VFA and pH are <3 g/L and 7.1-7.5 for Methanosaeta and  <15 g/L and 6.5-7.5 
for Methanosarcina (Ali Shah et al., 2014; Amani et al., 2010).  
In the literature, Methanosarcina proliferates over Methanosaeta at short HRT (<10days) and high 
acetate concentrations (>240 mg/L) (Conklin et al., 2006). In addition, Conklin et al., (2004) who 
operated two digesters fed with acetate at an SRT of 15 day using different feeding mode i.e. one 
for daily feeding and the other hourly showed that decreasing feeding frequency can increase the 
predominance of Methanosarcina in contrary to the abundance of Methanosaeta for hourly-fed 
reactors due to greater acetate spikes impacting the selection of aceticlastic methanogens. The 
authors concluded that Methanosarcina dominant reactors showed a more stable digestion 
performance.  
In this study, FW co-digestion systems operating at the same SRT, OLR, and feeding mode with 
a different FW content showed a higher abundance of Methanosarcina over Methanosaeta, 
compared with municipal sludge mono-digestion primarily due to increased VFA production.  
Considering that current municipal digesters are fed intermittently after decanting, based on the 
findings of this study, the aforementioned intermittent feeding strategy is also optimum for co-
digestion of FW since this strategy induces sharp changes in VFA concentrations which may result 
in proliferation of Methanosarcina. However, the intermittent feeding strategy depends on the 
OLR.  
The operation at a low FW OLR (<0.5 kgCOD/m3/d) with predominantly municipal sludges may 
need to increase the feeding frequency in order to promote the dominance of Methanosarcina. 
However, the main challenge for the operation could be slow hydrolysis rate as the hydrolytic 
bacteria such as Bacteroidetes and Firmicutes is relatively low at the low OLR (Figure 3-8).  
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In addition, operation at FW OLR of 2 kg COD/m3/d may also need to increase feed frequency to 
enhance the activity of Methanosarcina until VFA accumulation starts. Similarly, co-digesters at 
FW OLR 4 kg COD/m3/d need to decrease feeding frequency in order to reduce the inhibition of 
VFA on Syntrophomonas and methanogenic activity. VFA inhibitory levels varied between 
literature studies. According to a study by Dogan et al., (2005) who conducted VFA inhibition 
tests on granular sludges, aceticlastic methanogenic activity decreased for acetate concentration 
over 4 g/L with 50% inhibition of methane production at above 13 g/L of acetate. Moreover, Lee 
et al., (2017) who studied  the effect of VFA on FW digestion showed that VS destruction 
efficiency of higher than 65% was observed at VFA levels of less than 4 g/L. In addition, 50% 
inhibition of methanogenic activity was estimated at 2.7 g/L at pH 7 and 8.5 g/L at pH 7.5 for 
acetate (Henze, 2008).  
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(c) 
 
Figure 3-8. Impact of FW OLR on microbial community and system performance  
 
 
Figure 3-9. Effect of FW OLR on microbial community and pH 
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CHAPTER 4 
 
4.0 Impact of biochar on anaerobic mono-digestion and co-
digestion of food waste with pre-treated and untreated TWAS 
 
4.1 Introduction 
 
Anaerobic digestion is generally known to be an effective waste management method due to its 
role in energy recovery and pollution control. Process instability as well as decrease in methane 
production is a common issue in AD as a result of susceptibility of anaerobic microbial 
communities (Chen et al., 2008). Recently, extensive consideration has been given to the general 
use of materials rich in carbon in soil amendments and long-term storage of carbon (Lehmann, 
2007). The carbon rich materials known as biochar is formed through thermochemical 
transformation of biomass, which improve the retention capacity in the soil for plants nutrient and 
water, therefore decreases the emission of greenhouse gases and also enhance crop yield Lehmann 
et al., (2009). Various methods used for the production of biochar have been investigated. The 
most common techniques are hydrothermal carbonization Libra et al., (2011) and pyrolysis 
(Lehmann, 2007) which generate biochar known as hydrochar and pyrochar respectively. 
Moreover, comparatively high costs are the main downside that hinder the broader utilization of 
biochar (Roberts et al., 2010; Libra et al., 2011). The only way to overcome the cost drawback is 
by achieving an additional economic benefit via increasing the value chain of the biochar. Biochar 
can be used as an additive in AD which is the main focus of this present work. Case et al., (2014) 
who carried out a study to investigate if biochar amended soil could reduce soil greenhouse gas 
emissions from the energy crops Giganteus and Miscanthus crops, found that biochar amendment 
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reduced and suppressed carbon dioxide emissions by roughly 33%. It was concluded in the 
aforementioned study that biochar is capable of decreasing the emission of greenhouse gas (GHG) 
while producing energy crops, commonly used as substrate during AD. Additionally, the digestate 
from AD was proven to be the most suitable feedstock used in the production of biochar (Mumme 
et al., 2011). Though methane production via AD has been recognized for decades, but the 
optimization of the AD process is essential, in terms of mitigating inhibition as well as increasing 
biogas production and enhancing system stability (Ward et al., 2008).The common problem 
associated with AD of materials rich in nitrogen is usually ammonia inhibition (Rajagopal et al,, 
2013; Yenigün & Demirel, 2013). Various methods employed to decrease the concentration of 
ammonia in AD were reported in literature, such as adding inorganic materials into the digester 
which include zeolite, struvite precipitation (Rajagopal et al., 2013), and ammonia stripping. These 
approaches are capable of removing ammonium ions (NH4+) and ammonia (NH3) via ion exchange 
and adsorption (Borja et al., 1993, 1996; Ho & Ho, 2012). However, these materials aid the 
attachment of microorganisms due to their well-distinct microporous structure (Fernández et al., 
2007). The two mechanisms are assumed to be accountable for process enhancement, thus causing 
the methane yield to increase (Montalvo et al., 2005). Comparable to zeolites, adding activated 
carbon or charcoal to AD of either swine manure or cattle dung was reported to enhance biogas 
production by 46.3% (Desai & Madamwar, 1994; Geeta et al., 1986; Kumar et al., 1987). The 
aforementioned authors further stated that high methane yield was as a result of formation of 
biofilm on the surface of the particles. The digestion of thickened waste activated sludge can be 
optimized through pre-treatment method. Research had proved that  pre-treatment of TWAS 
improved the anaerobic biodegradability of the sludge, hence decreasing the required AD time 
(Burger & Parker, 2014). When CAMBI and Exelys are used as  TWAS pre-treatment methods, 
119 
 
anaerobic digesters treating such sludges experience fast accumulation of VFA and ammonia due 
to high loading (Morgan-Sagastume et al., 2011). Furthermore, during AD mono-digestion and 
co-digestion of FW excess accumulation of VFA and ammonia are common, which leads to 
inhibition (Rattanapan et al., 2019). The application of biochar, which is a low-cost adsorbent in 
AD can be a practical way to mitigate inhibition problems. The studies that were reported so far 
on the use of biochar in AD only were carried out in batches and ran for a maximum of 63 days – 
70 days (Angelidaki et al., 1993; Fagbohungbe et al., 2016; Linville et al., 2017; Mumme et al., 
2014; Sunyoto et al., 2016). Batch digestion studies do not enable the assessment of long-term 
stability, particularly under varying organic loading, as experienced in real life digestion systems.  
Cai et al. (2016) who carried out a batch system to study the impact of biochar in AD of FW using 
different doses of biochar reported  maximum concentrations of VFAs of 792 mg/L, 956 mg/L, 
871 mg/L, and 901 mg/L when biochar doses of 0 g, 0.5 g, 1.25 g, and 2.5 g were added. Biochar 
improved the maximum methane production rate when 0.5 g and 2.5 g were used by 100% and 
275% respectively and the impacts of biochar dosages of 0 g and 1.25 g were insignificant.  
Martínez et al. (2018) who studied the co-digestion of citrus peel waste with sludge in a batch 
system to evaluate the impact of biochar on microbial communities reported  concentrations of 
10.70 mg/g biochar for acetic acid, 5.56 mg/g biochar for propionic acid, 3.15 mg/g biochar for 
butyrate acid when 1000 mg/L initial concentration of acetic acid, 400 mg/L initial concentration 
of propionic acid and 400 mg/L of butyric acid were used with a biochar dose of 2.5 g therefore, 
improving methane yield by 60%   
 Sunyoto et al. (2016) studied the impact of biochar on methane and hydrogen production during 
AD of carbohydrate FW reported that butyric, acetic, and propionic acids are the dominant VFAs 
in all the reactors. The total VFAs reductions were faster in the reactors with biochar addition. 
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To the best of the author’s knowledge, no work was reported on the use of biochar in a continuous-
flow AD system, which brings about the main focus of the current study because it is necessary to 
investigate the long term impact of biochar on system stability and performance in a continuous-
flow system. 
The main aim of this study was to explore the impact of biochar on mono-digestion and co-
digestion of FW with pre-treated and untreated TWAS, in terms of methane yield and system 
stability. Another objective was to investigate the influence of biochar on mitigating VFA and 
ammonia inhibition. 
 
4.2.   Materials and Methods 
4.2.1.  System setup 
The anaerobic methane potential test (AMPTS-II), (Lund, Sweden) system was used to run semi-
continuous flow anaerobic digesters using ten bottles with a total volume of 650 mL and a 
working volume of 300 mL each (Figure 4-1). The three main components of the AMPTS are a 
water bath holding thirteen bottles at temperature of 37 ºC, CO2 trap bottles, and wet-tip gas 
meters. These parts were connected through tygon tubings so that the generated biogas from the 
top of the sample bottles flows into CO2 gas trap bottles and the pure methane gas leaving from 
the trap bottles enters the wet-tip gas meters for real-time measurement. 
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Figure 4-1. System setup 
 
4.2.2.  Inoculum (ADS) and Substrates 
Inoculum was collected from a food waste digester (Dufferin Source Separated Organics, Toronto, 
Ontario, Canada) operating at a solids retention time (SRT) of 30 days. The FW samples were 
collected from the Grind2Energy (InSinkErator, Racine, WI) system that was used to process FW 
from grocery stores and transform it to a slurry after grinding. The FW slurry samples were stored 
in a cold room (4 ºC) and were grinded using a blender for 15 min for homogenization. Similarly, 
TWAS were collected from the rotary drum thickener (RDT) at the Adelaide Pollution Control 
Plant (London, Canada). The raw inoculum, thickened waste activated sludge (TWAS), and FW 
were screened using mesh strainer (1.7 mm) to remove big particles. However, due to the loss of 
solids and COD through screening, the screened TWAS were concentrated by centrifuging and 
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decanting supernatants to increase COD and solids level and prepare different feeds, for the 
designated organic loading and solids retention time of the system.  
The characteristics of lignin biochar produced at 650oC include mesh 200-325 particle size, BET 
surface area of 342.1m2/g, density of 400kg/m3, pore volume of 0.205 cm3/g, and average pore 
size of 2.4 nm. 
 
4.2.3 Pre-treatment by CAMBI method   
Thermal hydrolysis by CAMBI is carried out in three stages and involves three basic units. the 
function of the first unit which is the pre-heated tank is to remove the problems associated with 
under pressure pumping as well as corrosion present in heat exchangers. The steam reactor, which 
is the second unit, in the steam reactor, steam is gently applied under pressure. Finally, the flash 
tank is the third unit in which the pressure in the reactor is released (Figure 4-2).  About 11%-13% 
dry solids content of dewatered TWAS is fed continuously into the pre-heated tank at a temperature 
of 100oC. The temperature is maintained in the pre-heated tank via directing all return stream from 
the flash tank and second reactor. Direct stream is used to heat the sludge in the steam reactor in 
batch mode for about 20-30 min to attain a pressure of 8-9 bars and a temperature of about 150-
170oC. The pressure is then decreased to about 2 bars in the reactor before releasing the pre-heated 
sludge into the flash tank, the steam that were released is then recirculated into the pre-heated tank. 
Flashing the heated sludge into the flash tank and the pressure from the stream tank were rapidly 
releasing allows the rupture of the cells. The heated sludge in the flash tank is then allowed to cool 
down to 100oC. However, the sludge that has been hydrolysed is also allowed to cool down to 
about 35oC which is the AD temperature.  
123 
 
 
 
 
 
 
 
Figure 4-2: Thermal hydrolysis by CAMBI process (Pilli et al., 2015) 
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4.3 System Conditions 
As apparent From Table 4-1, ten bioreactors initially filled with inoculum were operated at a solids 
retention time (SRT) of 20 days through feeding and wasting of 15 mL daily using a syringe at the 
same time each day, with wastage performed prior to feeding. Particularly, for feeding and wasting, 
tygon tubings were connected to the small ports placed inside and outside of each bottle cap. 
Reactors were completely mixed using a rod at a time interval of 50-second on and 20-second off.   
The operation consisted of four phases, during Phase 1, the ten systems were initially operated at 
an OLR of 2 kgCOD/m3/day, during phase 2, all the reactors was operated at 3 kgCOD/m3/day, in 
phase 3, the ten reactors were run at 4 kgCOD/m3/day while at phase 4, the reactors were run at 8 
kgCOD/m3/day. Reactors R1-R5 were supplemented with alkalinity in phases 1-3 while reactors 
R6-R10 were not supplemented with alkalinity to see the impact of biochar on the system stability. 
0.8 g of biochar was added throughout phase 1, from day 1 to day 39. 1.6 g of biochar was spiked 
into reactors R6-R10 after OLR was doubled to 8 kgCOD/m3/day on day 153 to see the impact of 
biochar in mitigating ammonia inhibition.  
Alkalinity in the form of sodium bicarbonate was added to reactors R1-R5 to compensate for the 
loss of alkalinity during the preparation of feed stocks associated with centrifugation and decanting 
of the liquid. Particularly, food waste feed was also supplemented with alkalinity to increase 
buffering capacity (Table 4-2b). The supplemented alkalinity to the feed stock was 1.5- 2 
gCaCO3/L. 
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Table 4-1. Summary of different conditions of reactors 
Reactor OLR (kgCOD/m3/d) Substrate 
R1 2 - 8 100%FW+Alkalinity 
R2 2 - 8 100%TWAS+Alkalinity 
R3 2 - 8 100%TWASPre-treatment+Alkalinity 
R4 2 - 8 30%FW+70%TWAS+Alkalinity 
R5 2 - 8 30%FW+70%TWASPre-treatment+Alkalinity 
R6 2 - 8 100%FW+Biochar 
R7 2 - 8 100%TWAS +Biochar 
R8 2 - 8 100%TWASPre-treatment+Biochar 
R9 2 - 8 30%FW+70%TWAS+Biochar 
R10 2 - 8 30%FW+70%TWASPre-treatment+Biochar 
 
 
 
 
 
 
126 
 
Table 4-2: Substrates and alkalinity added (a) Substrates for the systems (b) alkalinity addition 
(a) 
 
   100%FW 
100% 
UN-
TWA
S 
100%P
-TWAS 
30%FW+7
0 UN-
TWAS 
30%FW+7
0 P-TWAS 100%FW+BC 
100% 
UN-
TWAS
+ BC 
100%P
-
TWAS
+ BC 
30%FW+7
0 UN-
TWAS+ 
BC 
30%FW+7
0 P-
TWAS+ 
BC 
 (By volume) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
 FW (%) 100 0 0 30 30 100 0 0 30 30 
 
UN-TWAS 
(%) 
0 100 0 70 0 0 100 0 70 0 
 
P-TWAS 
(%) 
0 0 100 0 70 0 0 100 0 70 
 OLR 
 
(kgCOD/m3/
d)                     
 Phase 1 2 2 2 2 2 2 2 2 2 2 
 (day1-day51)           
 Phase 2 3 3 3 3 3 3 3 3 3 3 
 
(day52-
day70)           
 Phase 3 4 4 4 4 4 4 4 4 4 4 
 (day71-99)           
 Phase 4 8 8 8 8 8 8 8 8 8 8 
 (day144-153)                     
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(b)  
  
Alkali
nity 
added  
100%
FW 
100%T
WAS 
100
%P-
TW
AS 
30%
UN-
TWA
S 
30%
P-
TW
AS 
100%FW+B
iochar 
100%TWAS+
Biochar 
100%P-
TWAS+Bi
ochar 
30%UN-
TWAS+Bi
ochar 
30%P-
TWAS+Bi
ochar 
  
(g 
CaCO
3/L)  R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
 
Phase 
1 2 1.5 1.5 1.5 1.5 0 0 0 0 0 
 
Phase 
2 2 1.5 1.5 1.5 1.5 0 0 0 0 0 
 
Phase 
3 2 1.5 1.5 1.5 1.5 0 0 0 0 0 
  
Phase 
4 0 0 0 0 0 0 0 0 0 0 
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4.4 Chemical analysis 
Influent and effluent samples from the digesters were taken for analysis twice a week. Solids, 
COD, ammonia, total nitrogen (TN) and soluble nitrogen (SN) were measured twice a week while 
alkalinity and volatile fatty acids (VFAs) were determined three times a week. pH was measured 
daily. All samples were preserved in a cold room at less than 4oC. The collected samples were 
analyzed to determine chemical oxygen demand (total COD and soluble COD), total suspended 
solids (TSS), volatile suspended solids (VSS), total nitrogen (TN), soluble nitrogen (SN), 
ammonia-N (NH4-N), alkalinity, and VFAs concentrations. For all soluble parameter analysis 
including COD, nitrogen, ammonia and VFA, sterile 0.45 µm membrane filter papers (VWR 
International, Canada) were used for soluble fractionation of samples. Similarly, 1.2 µm filter 
papers were used for TSS and VSS analysis in accordance with Standard Methods. High range 
ammonia (0-50 mg/L), high range total nitrogen (10-150 mg/L), and high range COD (1500 mg/L) 
vials, and VFA (50-2500 mg/L) were used for respective analysis. All of the high range vials were 
purchased from HACH, Canada. 
 
4.5       Adsorption test 
The adsorption test was done to determine the adsorptive equilibria of VFA and ammonia on 
biochar. The biochar characteristics are listed in Table 4-3 below.  The experiment was performed 
on 100mL of solution containing butyric, propionic, acetic and solution containing ammonia 
chloride in a shaker using a 250mL Erlenmeyer flasks at 25oC. For the VFA adsorption test, each 
flask contained 1.2g/L initial concentration of a single component and 0.8g biochar was added to 
each flask. On the other hand, for the ammonia adsorption test, 1.6g of biochar was added to 3g/L 
initial concentration of ammonia in ammonia chloride solution. All adsorption experiments were 
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conducted in triplicates. The initial pH of all the test solutions were adjusted to 7.0 by adding 0.1 
N NaOH/HCl solutions, initial and final concentrations of each components was measured at 1 
hour interval over a period of 25 h and the result was used to estimate the adsorptive capacity (qe) 
as well as the percentage removal obtained for individual compounds. 
 
4.6 Statistical analysis 
The Pearson correlation coefficients were tested using Minitab 16 software (Minitab Inc., PA, 
USA) to examine relationship between parameters such as PCOD/VSS and PN/VSS. The 
coefficients range between -1 and 1 while positive and negative values indicates the direction of 
the relationship with a higher absolute value indicating a strong correlation. Most of the 
calculations were done using MS Excel data tools. 
 
4.7       Results and discussion 
4.7.1    Inoculum and feedstock characteristics 
Table 4-3 presents the inoculum characterized by 38 gTS/L, and 24 gVS/L, with a volatile fraction 
of 63%. The characterization of different feeds used for preparing influent is also shown in Table 
4-3. Average measured TCOD concentrations were 164 g/L for Pre-treated TWAS, 104 g/L for 
untreated TWAS, and 178 g/L for FW as shown in Table 4-3. The difference between the soluble 
COD of the pre-treatment and the untreated TWAS was as a result of high solubilization of 
particulate matter due to thermal pre-treatment Solids contents were 4.7% for pre-treated TWAS, 
6.2% for untreated TWAS, and 11% for FW. From the statistical correlations in appendix B, 
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figures B-1, B-2, and B-3. PCOD to VSS ratio was 1.84 for pre-treated TWAS, 1.76 for untreated 
TWAS, and 1.64 for FW. The volatile fractions of solids in pre-treated TWAS, untreated TWAS, 
FW were 0.76, 0.74, and 0.90, respectively. Nitrogen content of VSS (by weight) was 7.4% for 
pre-treated TWAS, 8.6% for untreated TWAS, and 3.9% for FW. Pre-treatment affected 30% 
solubilization of TWAS COD  
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Table 4-3: Summary of the chemical characteristics of ADS and feedstock (average ± standard 
deviation)   
   
TS VS TSS VSS TCOD SCOD TN SN 
Amm-
N  
average±std  
  (g/L) 
 
Inoculum 
38 ± 
2.7 
24 ± 
1.6 
33 ± 2.8 23 ± 1.4 46 ± 2.6  11 ± 1.2 6 ± 0.1  
3.4 ± 
0.0  
2.5 ± 
0.0  
 UN-TWAS 74±1.1 55±0.9 67±0.6 50±0.5 104±9.5 3.5±0.2 6.2±0.1 2.4±0.1 1.4±0.0 
 P-TWAS 99±7 75±7 82±8 59±7 164±0.6 50±4 8.9±0.1 6.0±0.1 1.8±0.0 
 FW 90±1.1 81±1.1 52±3.1 50±2.2 178±5.5 99±0.3 8.2±0.1 6.1±0.2 1.0±0.0 
 
* Number of samples tested = 6 
 
 
 
 
Figure 4-3 shows the variation of pH for different reactors. The pseudo-steady state data reflect 
the last 10 days of operation at a given OLR.  The average pH for reactors R1-R5 and R6-R10 
were 7.4-7.6 and 7.4 respectively in phase 1, 7.5-7.6 and 7.6 in phase 2, 7.7-7.9 and 8.0-8.5 and 
7.7-7.8 in phase 4 respectively. Similarly, average alkalinity (Figure 4-4) for reactors R1-R5 and 
R6-R10 varied from 5.8-6.8 g CaCO3/L and 5.3-5.8 g CaCO3/L in phase 1, from 7.0-7.5 g CaCO3/L 
and 6.8-7.3 g CaCO3/L in phase 2, from 8.3-9.8 g CaCO3/L and 8.7-9.8 g CaCO3/L in phase 3 and 
from 12.3-14.2 g CaCO3/L and  8.9-9.1 g CaCO3/L in phase 4. Apparently, reactors R6-R10 were 
operated without alkalinity supplementation throughout the study and it can be seen that the pH 
and alkalinity of these biochar reactors was maintained. In phase 1, the addition of biochar reduced 
the VFA concentrations in the reactors thereby increasing the pH whereas in phase 4b, the pH was 
increased in the control as compared to the biochar added reactors a result of the sequestration of 
ammonia.  
Digester operational stability can be monitored using the VFA/alkalinity ratio, with values less 
than 0.4 indicating stable performance (Burger & Parker, 2014). The graphical illustration of the 
VFA/alkalinity ratio is depicted Figure 4-5. During the pseudo-steady-state operation in Phase 1, 
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the average ratio for reactors R1-R5 and R6-R10 was 0.1. Phase 2 showed a range of 0.1-0.2 and 
0.1 for R1-R5 and R6-R10 respectively. In phase 3, VFA/Alkalinity ranged from 0.1-0.3 and 0.1-
0.2 respectively. In phase 4, the ratio was less than 0.1 for R1-R5 and range from 0.1-0.2 for R6-
R10 after 1.6g of biochar was added to reduce the ammonia inhibition. VFA/Alkalinity was less 
than 0.1 in reactors R1-R5 due to ammonia inhibition in the reactors. 
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Figure 4-3. Temporal pH variation  
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Figure 4-4. Temporal alkalinity variation  
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Figure 4-5: Temporal variations of VFA/alkalinity ratio 
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high organic content in FW but the impact on co-digestion of FW with pretreated and untreated 
TWAS was less pronounced.  
The digester treating 100%FW performed better in terms of the mass of VFA adsorbed and 
degraded while the digester treating 100% untreated TWAS presented a low performance. This is 
an evident from Table 4-51 and Figure 4-6. The VFA adsorbed was estimated using the 
relationship: 
Volume of the digester x (VFA biochar – VFAcontrol) while the mass of VFA adsorbed was estimated 
using the relationship: 
CH4 produced x (1 gCOD/0.35 LCH4/gCOD) x SRT x 0.7 Where the methane production used is 
the methane produced at steady state condition in phase 4b, OLR 8 kg/m3/d, 0.7 is the 70% methane 
typically produced from acetic acid  (Bastviken, 2009; Fukuzaki et al., 1990; Sreela-Or et al., 2015) 
.  As shown in Figure 4-6, the VFAs adsorbed are about 1.4% of the VFA degraded.In phase 4b, 
the COD removal efficiency increased from 26% to 46% for 100% FW, 18% to 35% for 100% 
untreated TWAS, 19% to 38% for 100% pre-treated TWAS, 27% to 40% in 30% FW + 70% 
untreated TWAS, 26% to 45% for 30% FW + 70% pre-treated TWAS. Biochar enhanced the COD 
removal efficiency to almost double that of the control. The COD removal in the control decreased 
rapidly due to ammonia inhibition but the presence of biochar in reactors R6-R10 mitigated 
ammonia inhibition, and therefore, enhanced COD removal in these reactors. 
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Table 4-4: COD removal efficiencies (average ± standard deviation) (a) Control (b) Biochar 
added reactors      
(a)  
(%)    R1-100% FW  R2-100% TWAS 
R3- 
100%Pretreated -
TWAS  
R4- 
30%FW70%TWAS  
R5- 
30%FW70%PretreatedT
WAS  
Phase 1 
(Day25-38) 
Average 71.2 ± 5 46.5 ± 4 49.3 ± 4 61.6 ± 4 65.5 ± 3 
Phase 2 (Day68-78) Average 69.3 ± 6  36.9 ± 2 45.4 ± 4 49.3 ± 8 53.4 ± 5 
Phase 3 (Day114-123) Average 53.2 ± 3 32 ± 5 37.1 ± 6 48.1 ± 5 46.3 ± 5 
Phase 4a (Day 133-142)  Average 25.2 ± 4 18.5 ± 4 17.5 ± 4  25.4 ± 5 26.7 ± 6 
Phase 4 Day 144-153 Average 26.3 ± 4 17.7 ± 4 19.4 ± 4 26.7 ± 5 25.7 ± 6 
 
(b) 
(%)    
R6- 
100%FW+BIOCHAR  
R7- 
100%TWAS+BIOCHA
R  
R8- 
100%PreatedTWAS+
BIOCHAR  
R9- 
30%FW+70%TWAS+
BIOCHAR  
R10-
30%FW70%Preate
dTWAS+BIOCHAR  
Phase 1 
(Day25-38) 
Average 82.3 ± 6 52.9 ± 4 55.1 ± 4 64.6 ± 5 68.4 ± 10 
Phase 2 (Day68-
78) 
Average 75.3 ± 7 43.5 ±10 52.8 ± 4 56.6 ± 3 58.5 ± 5 
Phase 3 (Day114-
123) 
Average 55.2 ± 9 32.5 ± 8 32.3 ± 4 43.8 ± 4 46.7 ± 3 
Phase 4a (Day 
133-142)  
Average 27.6 ± 4 17.3 ± 7 20.4 ± 8 26.4 ± 5 25.5 ± 7 
Phase 4b Day 
144-153 
Average 46.2 ± 4 34.6 ± 6 38.4 ± 7 39.5 ± 8 45.3 ± 5 
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Table 4-5: Summary of VFA adsorption and VFA degraded 
  Unit 
R6- 
100%FW+
BIOCHAR  
R7- 
100%TWAS+
BIOCHAR  
R8- 
100%PreatedTWAS
+BIOCHAR  
R9- 
30%FW+70%
TWAS+BIOC
HAR  
R10-
30%FW70%Preated
TWAS+BIOCHAR  
VFA 
adsorbed g 0.24 0.12 0.18 0.18 0.21 
VFA 
degraded  g 16.7 11.2 12.5 13.0 14.2 
 
 
 
Figure 4-6: Plot of VFA adsorbed vs VFA degraded  
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4.7.3 Adsorption equilibria tests 
The adsorption tests were done using acetic, butyric propionic acids and ammonia chloride in order 
to evaluate the approximate value for the adsorptive capacity of biochar (Qe) used.  
The maximum concentrations of VFA and ammonia used were 1200 mg/L and 3000 mg/L 
respectively. Figure 4-6 presents the results of the adsorption test, though, the adsorption curves 
could not be fitted into any adsorption equilibrium model due to lack of sufficient data points. For 
the VFA adsorption test, the impact on acetic acids was less than the other acids. After day 12, 
propionic acid displaced butyric acid therefore, increasing propionic acid adsorption. Biochar 
showed a high ability to retain butyric and propionic acids, finally decreasing the concentration of 
butyric acid from 1200mg/L to 240mg/L and 80% of butyric acid was adsorbed after 24 hours, 
propionic acid concentration was reduced from 1200 mg/L to roughly around 405 mg/L. Acetate 
is highly soluble and hence poorly absorbable. Butyric acid was seen to adsorb faster than 
propionic acid and on day 12, propionic acid displaced butyric acid which follows the law of 
competitive adsorption. The reasons and mechanism behind the adsorption of these individual 
VFA need further investigation.     
In the case of ammonia adsorption, the result showed a high ammonium adsorption capacity. 
Ammonia is among the key inhibitors during anaerobic digestion of high biodegradable organic 
waste. Ammonium concentration was decreased from 3000mg/L to 830mg/L. Tables 4-5 to 4-7 
illustrate the solid phase concentrations of ammonia in the continuous flow system. From Table 
B6, the liquid phase concentrations in all the reactors in phase 4, OLR 8 kg/m3/d correspond to the 
liquid phase concentrations in the batch with distilled water and only VFA, and ammonia. The 
continuous flow system liquid phase concentrations in the reactors ranged from 0.7 g NH3 -N/L to 
146 
 
0.9 g NH3 -N/L while that of the batch system was within 0.83 g NH3-N /L. In phase 4b, the solid 
phase concentrations in the continuous flow system were less than half of the concentrations 
observed  in the batch system, i.e. 0.1 gNH3-N /g biochar to 0.16 gNH3-N /g biochar in the 
continuous flow system against 0.27 gNH3-N /g biochar in the batch system. These discrepancies 
are likely due to the adsorption of other substance aside from VFA and ammonia such as sulphide, 
in the continuous-flow system. Additionally, the differences in the seed and substrate used could 
also be a factor; for the batch system, pure solution was used to set up the adsorption experiment 
with no biomass while for continuous flow system, inoculum, FW and sludge was used. In the 
batch system, the equilibrium concentration was achieved after 24 hours while that of the 
continuous flow system was carried out within the last 10 days of stable performance before the 
system started to deteriorate.   
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Table 4-6: Summary of initial and average concentrations of ammonia at stable condition 
Phase1 
OLR 2 
kg/m3/d 
R6-
100%FW 
R7-
100%TWAS 
R8-
100%P-
TWAS 
R9-
30%FW+70%TWAS 
R10-
30%FW+70%P-
TWAS 
Initial 
conc. 
(g/L) 
1.2 1.1 1.2 1.2 1.2 
Avr 
conc. 
(g/L) 
0.7 0.3 0.3 0.5 0.7 
Phase4b OLR 8 kg/m3/d 
Initial 
conc. 
(g/L) 
2.1 2.0 2.5 1.9 2.6 
Avr 
conc. 
(g/L) 
0.8 0.7 0.8 0.9 0.9 
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Table 4-7: Solid phase ammonia calculations for phases 1 and 4b at high and low OLR 
For phase 1, at OLR 2 kg/m3/d; 
 
For phase 4b, at OLR 8 kg/m3/d; 
 
For 100% FW 
 
. ∗ ∗( . . )
.
= 0.1𝑔𝑁𝐻3/𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
  
 
For 100% FW 
 
. ∗ ∗( . . )
.
= 0.12𝑔𝑁𝐻3/
𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
  
 
For 100% TWAS 
0.015 ∗ 10 ∗ ( 1.1 − 0.3)
1.6
= 0.1𝑔𝑁𝐻3/𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
  
 
For 100% TWAS 
0.015 ∗ 10 ∗ ( 2.0 − 0.7)
1.6
= 0.12𝑔𝑁𝐻3/𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
  
 
For 100%P-TWAS 
0.015 ∗ 10 ∗ ( 1.2 − 0.3)
1.6
= 0.1𝑔𝑁𝐻3/𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
 
For 100%P-TWAS 
0.015 ∗ 10 ∗ ( 2.5 − 0.8)
1.6
= 0.16𝑔𝑁𝐻3/𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
  
 
 
For 30%FW+70%TWAS 
0.015 ∗ 10 ∗ ( 1.2 − 0.5)
1.6
= 0.1𝑔𝑁𝐻3/𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
  
 
For 30%FW+70%TWAS 
0.015 ∗ 10 ∗ ( 1.9 − 0.9)
1.6
= 0.10𝑔𝑁𝐻3/𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
  
 
For 30%FW+70%P-TWAS 
0.015 ∗ 10 ∗ ( 1.2 − 0.7)
1.6
= 0.1𝑔𝑁𝐻3/𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
  
 
For 30%FW+70%P-TWAS 
0.015 ∗ 10 ∗ ( 2.6 − 0.9)
1.6
= 0.16𝑔𝑁𝐻3/𝑔 𝐵𝑖𝑜𝑐ℎ𝑎𝑟 
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Table 4-8: Summary of liquid and solid phase ammonia concentrations in the continuous 
flow and batch system 
 
                                                  Continuous flow system 
  
                                                  Phase 1 OLR 2 kg/m3/d 
 Parameter Unit R6 R7 R8 R9 R10 
Liquid 
phase 
g/L 1.2 1.1 1.2 1.2 1.2 
Solid phase g/g biochar 0.1 0.1 0.1 0.1 0.1 
                                                 Phase4b OLR 8 kg/m3/d 
Liquid 
phase 
g/L 0.8 0.7 0.8 0.9 0.9 
Solid phase g/g biochar 0.12 0.12 0.16 0.1 0.16 
                                                 Batch system 
Liquid 
phase 
g/L 0.83 
Solid phase g/g biochar 0.27 
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(a)                                                                                                        (b)    
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
 
 
Figure 4-7: Adsorption test results (a) VFA adsorption rate (b) VFA adsorption capacity (c) Ammonia adsorption rate  
0
500
1000
1500
2000
2500
3000
3500
0 5 10 15 20 25 30 35 40
Am
m
on
iu
m
 A
ds
or
pt
io
n 
 
m
gN
H
4+
/g
BC
)
Time (hr)
 
0
500
1000
1500
0 5 10 15 20 25 30
VF
A 
(m
g/
L)
Time (hr)
VFA Adsorption
Acetic Butyric Propionic
 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
0 5 10 15 20 25 30
%
 A
bs
or
be
d
Time (hr)
% Adsorbed
Acetic Butyric Propionic
151 
 
4.7.4  Biogas Production 
            Table 4-5 presents the average methane production at standard pressure and i.e. 1 
atmosphere and 0oC, per unit mass of the influent COD. The data represented in Table 4-5 
was correlated with methane production at standard temperature and pressure of 0.35 L 
CH4/gCOD that is, assuming 100% COD degradation should produce 0.35 L methane. 
Phase 4a represents the period of high ammonia inhibition while phase 4b represents the 
transitional phase when 1.6g of biochar was spiked into the digesters. The positive impact 
of TWAS pre-treatment is an evident from Table 4-5, for example, biogas production for 
100% pre-treated TWAS was improved in the control reactor by 10% in phase 1 and 15% 
in phase 4b while biogas production in the biochar added reactors improved by 10% in 
phase 1 and 88% in phase 4b when compare with the control. Biogas production in 
digesters treating 100% FW and the co-digestion of FW with pretreated TWAS were higher 
than that of the digesters treating 100% untreated TWAS and the co-digestion of FW with 
untreated TWAS. The impact of biochar on methane production per COD added varied 
between FW and TWAS (pretreated and untreated). Compared to the control, methane 
production per COD added for all biochar added digesters were enhanced but favoured FW 
mono-digestion more than co-digestion with treated and untreated TWAS because high 
VFAs were observed and the addition of biochar mitigated VFA inhibition. In phase 1, 
methane production per COD added increased by 17% for 100%FW reactor, 11% for 100% 
untreated TWAS reactor, 10% for 100% pre-treated TWAS reactor, 8% for 30% FW+70% 
untreated TWAS reactor, and 4% for 30% FW+70% pretreated TWAS reactor. This 
implies that the methane production per COD added in all the biochar reactors ranged from 
0.08 L CH4/gCOD to 0.11 L CH4/gCOD when the digesters were inhibited by ammonia in 
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phase 4a and 0.15 L CH4/gCOD to 0.20 L CH4/gCOD in phase 4b when the ammonia 
concentration was reduced in the reactors. Comparing phases 4a and 4b, the effect of 
biochar was significant even under the influence of ammonia inhibition. With biochar,  
methane production per COD added increased by 82% for 100%FW reactor, 86% for 100% 
untreated TWAS reactor, 88% for 100% pre-treated TWAS reactor, 36% for 30% 
FW+70% untreated TWAS reactor, and 70% for 30% FW+70% pretreated TWAS reactor, 
thus indicating that biochar could enhance the AD of FW with wastewater biosolids when 
operated at a high OLR and under the influence of ammonia inhibition.  Biochar enhanced 
pre-treated TWAS mono-digestion more than FW mono-digestion, and co-digestion with 
treated and untreated TWAS. Basically, with no ammonia inhibition, the biochar effect was 
most pronounced in FW because of high VFA. With ammonia inhibition, biochar effect 
was most pronounced in pretreated TWAS.  
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Table 4-9: Summary of methane production per COD added (L/gCOD) (a) Control (b) Biochar added reactors 
 
(a) 
 
  R1-100% FW  R2-100% TWAS 
R3- 100%Pretreated -
TWAS  R4- 30%FW70%TWAS  
R5- 
30%FW70%Pretreate
dTWAS  
Phase 1 (Day 25-38) 0.3 ± 0.05 0.19 ± 0.03 0.21 ± 0.04 0.26 ± 0.03 0.27 ± 0.05 
Phase 2 (Day 68-78) 0.25 ± 0.04 0.15 ± 0.07 0.16 ± 0.06 0.19 ± 0.02 0.21 ± 0.03 
Phase 3 (Day 114-123) 
0.21 ± 0.03 0.13 ± 0.06 0.14 ± 0.06 0.19 ± 0.04 0.18 ± 0.04 
Phase 4a (Day 133-142) 
0.11 ± 0.05 0.07 ± 0.03 0.08 ± 0.04 0.11 ± 0.03 0.09 ± 0.02 
Phase 4b (Day 143-153) 0.11 ± 0.05 0.07 ± 0.01 0.08 ± 0.01 0.11 ± 0.01 0.1 ± 0.03 
 
 
 
(b) 
  
R6- 
100%FW+BIOCHAR  
R7- 
100%TWAS+BIOCHAR  
R8- 
100%PreatedTWAS+BIO
CHAR  
R9- 
30%FW+70%TWAS+
BIOCHAR  
R10-
30%FW70%PreatedT
WAS+BIOCHAR  
Phase 1 (Day 25-38) 0.35 ± 0.05 0.21 ± 0.03 0.23 ± 0.03 0.28 ± 0.02 0.28 ± 0.03 
Phase 2 (Day 68-78) 0.29 ± 0.03 0.16 ± 0.01 0.18 ± 0.05 0.21 ± 0.04 0.22 ± 0.06 
Phase 3 (Day 114-123) 
0.21 ± 0.02 0.13 ± 0.02 0.14 ± 0.03 0.19 ± 0.03 0.18 ± 0.02 
Phase 4a (Day 133-142) 
0.11 ± 0.02 0.08 ± 0.01 0.08 ± 0.00 0.11 ± 0.01 0.11 ± 0.03 
Phase 4b (Day 143-153) 0.2 ± 0.01 0.13 ± 0.03 0.15 ± 0.01 0.15 ± 0.02 0.17 ± 0.03 
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4.7.5  Biodegradability 
Degradation efficiency for different substrates shown in Table 4-6 were evaluated based on the 
theoretical methane production from the daily amount of COD added and the average daily 
methane production. The biodegradability was calculated by dividing the average daily CH4 
produced at STP by the result of the multiplication of the OLR, digester volume and the theoretical 
CH4 produced at STP of 350 ml CH4/gCOD. SD represents the standard deviation and RSD 
represents the relative standard deviation (as a % of the average). The positive impact of pre-
treatment is evident from Table 4-6. For example, biochar enhanced the biodegradability of 100% 
untreated TWAS more than other reactors and the effect in 100% pretreated TWAS was 
insignificant. Comparing the controls with the biochar added reactors, In phase 1, the 
biodegradability increased by 8% for 100% FW reactor, 13% for 100% untreated TWAS reactor, 
2% for 100% pre-treated TWAS reactor, 9% for 30% FW+70% untreated TWAS reactor, and 6% 
for 30% FW+70% pretreated TWAS reactor. In phase 4b, the biodegradability enhancement with 
biochar was more pronounced for the mono-digestion compared with co-digestion. When 
compared with the control, the biodegradability in biochar added reactors increased by 92% for 
100% FW reactor, 89% for 100% untreated TWAS reactor, 94% for 100% pre-treated TWAS 
reactor, 44% for 30% FW+70% untreated TWAS reactor, and 62% for 30% FW+70% pretreated 
TWAS reactor.  Upon comparison of the impact of biochar at low loadings (phase 1) and high 
loading (phase 4), it is evident that in the absence of inhibitors, the benefit of biochar is marginal. 
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Table 4-10: Summary of biodegradability. 
Phase 1 (Day 25-38) R1-
100
% 
FW  
R2-
100% 
TWAS 
R3- 
100%Pre
treated -
TWAS  
R4- 
30%FW70
%TWAS  
R5- 
30%FW
70%Pre
treated
TWAS  
R6- 
100%FW
+BC  
R7- 
100%T
WAS+BC  
R8- 
100%P-
TWAS+BC  
R9- 
30%FW+70
%TWAS+BC  
R10-
30%FW70%P-
TWAS+BC  
OLR (kgCOD/m3/day) 2 2 2 2 2 2 2 2 2 2 
Average (mL 
CH4/day) at STP 
186±
31  
100±
22 
118± 25 135± 26 149± 25  201± 30 114± 19  123± 21  148± 27 158±19 
RSD (%) 16  22 21 19 17 14 17 17 18 12 
Biodegradability (%) 89 48 56 64 71 96 54 59 70 75 
 
 
Phase 2 (Day 68-78) 
R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%P -
TWAS  
R4- 
30%FW
70%T 
WAS  
R5- 
30%FW70
%P-TWAS  
R6- 
100%
FW+
BC  
R7- 
100%
TWA
S+BC  
R8- 
100%Pr
eatedT
WAS+BC  
R9- 
30%FW+70
%TWAS+BC  
R10-
30%FW70
%Preated
TWAS+BC  
OLR (kgCOD/m3/day) 3 3 3 3 3 3 3 3 3 3 
Average (mL CH4/day) 
at STP 
198± 
31 
120±
22  
130± 25 150±26 162±31  
232±
30 
126±
31  
141±29 169±27  185±19 
RSD (%) 16 18 19 17 19 13 25 21 16 11 
Biodegradability (%) 63 38 41 48 51 74 40 45 54 59 
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Phase 3 (Day 114-123) 
R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%P -
TWAS  
R4- 
30%FW
70%T 
WAS  
R5- 
30%FW70
%P-TWAS  
R6- 
100%FW+
BC  
R7- 
100%T
WAS+BC 
R8- 
100%Pr
eatedT
WAS+BC  
R9- 
30%FW
+70%T
WAS+BC  
R10-
30%FW70
%Preated
TWAS+BC  
OLR (kgCOD/m3/day) 4 4 4 4 4 4 4 4 4 4 
Average (mL CH4/day) 
at STP 
216±
29  
133±
30  
149±19  204±17  186±21  220±27 134±23 143±20 196±25 188±21 
RSD (%) 14 23 13 8 11 12 17 14 13 11 
Biodegradability (%) 52 32 36 49 44 52 32 34 47 45 
 
 
 
 
Phase 4a (Day 133-142) 
Before biochar 
addition R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%
P -
TWAS  
R4- 
30%FW
70%T 
WAS  
R5- 
30%F
W70%
P-
TWAS  
R6- 
100%
FW+
BC  
R7- 
100%T
WAS+
BC  
R8- 
100%P-
TWAS+BC  
R9- 
30%FW+70
%TWAS+BC  
R10-
30%FW70%P-
TWAS+BC  
OLR (kgCOD/m3/day) 8 8 8 8 8 8 8 8 8 8 
Average (mL CH4/day) 
at STP 
226.5
±35  
152.2
±41  
170.1
± 45 
231.5±4
7  
219.5± 
50 
236.2
±48  
157.9±
38  166.1± 39 227.5±43  222.9±34  
RSD (%) 15 27 26 20 23 20 24 23 19 15 
Biodegradability (%) 27.0 18.1 20.2 27.6 26.1 28.1 18.8 19.8 27.1 26.5 
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Phase 4b (Day 143-153) 
After biochar addition R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%Pretreated 
-TWAS  
R4- 
30%FW 
70%T 
WAS  
R5- 
30%FW
70%P-
TWAS  
R6- 
100% 
FW+BC  
R7- 100% 
TWAS+BC  
R8- 
100%P-
TWAS+BC  
R9- 
30%FW+70
%TWAS+BC  
R10-
30%FW70%P-
TWAS+BC  
OLR (kgCOD/m3/day) 8 8 8 8 8 8 8 8 8 8 
Average (mL CH4/day) 
at STP 
220.6
±35  149± 41  163.1±45  
224.1± 
47 
216.1±5
0  
416.6±4
8  281±38  312.8±39 324±43  355± 34 
RSD (%) 16 28 28 21 23 12 14 12 13 10 
Biodegradability (%) 26.3 17.7 19.4 26.7 25.7 49.6 33.5 37.2 38.6 42.3 
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4.7.6     COD and nitrogen balances 
Table 4-7 presents the COD mass balances, as well as the estimated COD removal efficiencies 
using two approaches: a-influent and effluent concentrations, and b-influent and methane COD. 
The calculated closures of mass balances based on (Methane COD + Effluent COD) × 100 / 
Influent COD were 92%-105%, indicating excellent operation and maintenance of the digesters, 
as well as data reliability and QA/QC of experimental measurements. Methane production per 
COD removal ranged from 0.22 to 0.46 l/gCOD, close to the theoretical value of 0.4 l/gCOD at 
35oC. Using the same approach, the estimated COD mass balance closure for Phases 2, 3 and 4 
varied from 87% to 113%. Thus, for Phases 2, 3 and 4, COD removal is more reliably 
determined by the methane COD
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Nitrogen mass balance closures were computed through the following equation: (Effluent SN + 
Generated SN) × 100 / Influent SN. Nitrogen mass balances were analyzed to examine nitrogen 
generation through VSS destruction as presented in Table 4-8 At the end of pseudo-steady state 
conditions, in phases 1,2,3 and 4 the  respective cumulative influent and effluent soluble nitrogen 
for the different reactors were 0.27-0.49 g and 0.47-0.53 g in phase 1, 0.27-0.85g and 0.68-1.20g 
in phase 4. (Total VSS destruction for the reactors during the same period ranged from 2.3 g to 5.1 
g in phase 1, 1.8-10.5g in phase 4. The estimated nitrogen to VSS ratios for FW, untreated TWAS, 
and pre-treated TWAS ranges from 0.0394 to 0.074, yielding a soluble nitrogen generation during 
digestion at 0.09 g to 0.20 g in phase 1, and 0.35g to 0.45g in phase 4 (Table 4-8).  
The nitrogen mass balance closures were 86%-105% (average 92%) for phase 1, nitrogen mass 
balance closures for Phases 2, 3 and 4 were 73%-101% (average 87%), 75-103% (average 90%), 
84-108% (average 96%) respectively. Thus, the estimated COD and VSS destruction efficiencies 
are also confirmed by the nitrogen data. 
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Table 4-11: COD mass balances 
Phase 1 (Day25-38) 
OLR 2kgCOD/m3/d 
R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%Pretr
eated -
TWAS  
R4- 
30%FW70
%TWAS  
R5- 
30%FW70
%Pretreat
edTWAS  
R6-100% 
FW+Bioch
ar  
R7-100% 
TWAS+Bio
char 
R8- 
100%Pretre
ated -
TWAS+Bioch
ar  
R9- 
30%FW70%
TWAS 
+Biochar 
R10- 
30%FW70%Pr
etreatedTWAS
+Biochar  
Influent (g) 16.8 16.8 16.8 16.8 16.8 16.8 16.8 16.8 16.8 16.8 
Effluent (g) 4.7 8.2 8.1 7.2 6.5 3.7 7.1 7.6 6.8 5.6 
MethaneCOD (g) 11.5 6.4 7.1 8.5 9.8 12.4 8.3 8.7 9.8 10.2 
Closure (%) 96 87 90 93 97 96 92 97 99 94            
Methane production at 
35C (L) 5.6 3.1 3.5 4.2 4.7 5.8 3.5 3.9 4.8 4.9            
Methane yield per COD 
rem (L/gCOD) 
at 35oC 0.46 0.36 0.4 0.44 0.46 0.44 0.36 0.42 0.48 0.44 
 
 
Phase 2 (Day68-78) 
OLR 3kgCOD/m3/d 
R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%Pretre
ated -TWAS  
R4- 
30%FW70
%TWAS  
R5- 
30%FW70%P
retreatedTW
AS  
R6-100% 
FW+Bioc
har  
R7-100% 
TWAS+Bi
ochar 
R8- 
100%Pretr
eated -
TWAS+Bio
char  
R9- 
30%FW70
%TWAS 
+Biochar 
R10- 
30%FW70%Pretr
eatedTWAS+Bioc
har  
Influent (g) 25.2 25.2 25.2 25.2 25.2 25.2 25.2 25.2 25.2 25.2 
Effluent (g) 6.7 13.7 12.2 9.6 10.2 5.6 12.3 11.4 8.5 9.1 
MethaneCOD (g) 18.5 11 12 13.7 13.4 19.3 12.3 13.6 15.4 15.6 
Closure (%) 100 98 96 92 94 99 98 99 95 98            
Methane production 
at 35C (L) 7.4 4.4 4.8 5.5 5.4 7.8 4.8 5 5.8 5.3  
Methane yield per 
COD rem (L/gCOD) 
at 35oC 0.4 0.38 0.37 0.35 0.36 0.4 0.37 0.36 0.35 0.33 
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Phase 3 (Day114-
123) OLR 
4kgCOD/m3/d 
R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%Pretr
eated -
TWAS  
R4- 
30%FW7
0%TWAS  
R5- 
30%FW70%
Pretreated
TWAS  
R6-
100% 
FW+Bi
ochar  
R7-100% 
TWAS+Bi
ochar 
R8- 
100%Pre
treated -
TWAS+Bi
ochar  
R9- 
30%FW70
%TWAS 
+Biochar 
R10- 
30%FW70%
Pretreated
TWAS+Bioc
har  
Influent (g) 32.6 16.2 32.9 15.3 16.1 32.6 16.2 32.9 15.3 16.1 
Effluent (g) 11.8 8.1 15.4 5.7 3.8 10.4 7.3 14.3 5.4 2.6 
MethaneCOD (g) 19.8 7.1 15 9.1 13 20.4 9.2 17.1 10.2 15.6 
Closure (%) 97 94 92 97 104 94 102 95 102 113 
           
Methane 
production at 35C 
(L) 7.4 2.3 3.8 4 5.4 7.8 3.1 5.2 4.2 5.3 
 
Methane yield per 
COD rem (L/gCOD) 
at 35oC 0.36 0.28 0.22 0.42 0.44 0.35 0.35 0.28 0.42 0.39 
 
 
Phase 4 
(Day143-153) 
R1 
PS100%  
R2 
PS100%  
R3 
TWAS100% 
R4 
TWAS100% 
R5 
FW100%  
R6 
FW100% 
R7 
FW100% 
R8 FW10% 
PSTWAS90% 
R9 FW10% 
PSTWAS90% 
R10 FW10% 
PSTWAS90% 
Influent (g) 23.5 22.1 21.6 21.6 21.6 21.6 22.4 23.4 22.6 21.6 
Effluent (g) 10.2 13.5 10.8 12.4 12.3 9.4 9.2 10 6.3 9.1 
MethaneCOD 
(g) 
9.2 6.6 6.7 7.4 7.1 
8.7 7.8 8.7 10.3 8.8 
Closure (%) 83 91 81 92 90 84 76 80 74 83 
           
Methane 
production 
at 35C (L) 3.2 2.6 2.7 2.4 2.1 8.3 6.7 5.5 6.5 5.8 
 
Methane 
yield per 
COD rem 
(L/gCOD) 0.18 0.11 0.14 0.16 0.16 0.36 0.31 0.37 0.42 0.36 
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Table 4-12: Nitrogen balances 
Phase 1 (Day25-38) 
R1 
100%FW 
R2 
100% 
TWAS 
R3 
100% 
P-
TWAS 
R4 
30%FW+70
%WAS 
R5 
30%F
W+70
%P-
WAS 
R6 
100%F
W+Bioc
har 
R7 
100% 
TWAS+
Biochar 
R8 100% 
P-
TWAS+B
iochar 
R9 
30%F
W+70
%WAS
+Biocha
r 
R10 
30%FW+
70%P-
WAS+Bio
char 
Influent SN (g) 0.49 0.37 0.27 0.38 0.42 0.49 0.37 0.27 0.38 0.42 
Effluent SN (g) 0.57 0.53 0.47 0.52 0.52 0.57 0.53 0.47 0.52 0.52 
SN production (g) 0.09 0.17 0.2 0.14 0.1 0.09 0.17 0.2 0.14 0.1 
Influent VSS (g) 5.9 5.4 5.5 7.7 4.9 5.6 6 6.1 8 5.9 
Effluent VSS (g) 1.6 3.1 3.1 2.9 1.9 1.6 3.1 3.1 2.9 1.9 
VSS destruction (g) 4.3 2.3 2.4 4.8 3.0 4.0 2.9 3.0 5.1 4.0 
VSS destruction (%) 72.9 42.6 43.6 62.3 61.2 71.4 48.3 49.2 63.8 67.8 
PN/VSS ratio 0.0394 0.0861 0.074 0.083 0.051 0.0394 0.0861 0.074 0.083 0.051 
N release (g) 0.17 0.20 0.18 0.40 0.15 0.16 0.25 0.22 0.42 0.20 
Closure (%) 86 93 105 94 91 88 86 96 95 93 
 
Phase 2 (Day50-78) 
R1 
100%FW 
R2 
100% 
TWAS 
R3 
100% 
P-
TWAS 
R4 
30%FW+
70%WAS 
R5 
30%F
W+70
%P-
WAS 
R6 
100%F
W+Bioc
har 
R7 
100% 
TWAS
+Bioch
ar 
R8 
100% P-
TWAS+
Biochar 
R9 
30%FW
+70%W
AS+Bioc
har 
R10 
30%FW+7
0%P-
WAS+Bioc
har 
Influent SN (g) 0.32 0.32 0.27 0.38 0.38 0.32 0.32 0.27 0.38 0.38 
Effluent SN (g) 0.38 0.49 0.42 0.52 0.5 0.38 0.49 0.42 0.52 0.5 
SN production (g) 0.06 0.17 0.15 0.14 0.12 0.06 0.17 0.15 0.14 0.12 
Influent VSS (g) 4 7.9 7.6 4.5 8.8 4.5 8.6 7.8 4.5 9.1 
Effluent VSS (g) 1.9 3.6 3.3 2.9 1.9 1.9 3.6 3.3 2.9 1.9 
VSS destruction (g) 2.1 4.3 4.3 1.6 6.9 2.6 5 4.5 1.6 7.2 
VSS destruction (%) 52.5 54.4 56.6 35.6 78.4 57.8 58.1 57.7 35.6 79.1 
PN/VSS ratio 0.0394 0.0861 0.074 0.083 0.051 0.0394 0.0861 0.074 0.083 0.051 
N release (g) 0.08 0.31 0.25 0.13 0.23 0.10 0.36 0.26 0.13 0.24 
Closure (%) 94 78 81 101 81 90 73 79 101 80 
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Phase 3 (Day100-111) 
R1 
100%FW 
R2 
100% 
TWAS 
R3 
100% P-
TWAS 
R4 
30%F
W+70
%WA
S 
R5 
30%FW
+70%P-
WAS 
R6 
100%FW+B
iochar 
R7 100% 
TWAS+Bi
ochar 
R8 
100% P-
TWAS+
Biochar 
R9 
30%FW
+70%W
AS+Bioc
har 
R10 
30%FW
+70%P-
WAS+B
iochar 
Influent SN (g) 0.37 0.47 0.33 0.38 0.38 0.37 0.48 0.33 0.38 0.38 
Effluent SN (g) 0.53 0.85 0.63 0.45 0.52 0.53 0.7 0.67 0.45 0.52 
SN production (g) 0.16 0.22 0.08 0.08 0.14 0.16 0.22 0.08 0.08 0.14 
Influent VSS (g) 9.9 13.6 9.8 7.7 4.5 10.4 13.2 11.3 8.7 4.4 
Effluent VSS (g) 1.8 8.2 4.4 2 2.9 1.8 8.2 4.4 2 2.9 
VSS destruction (g) 8.1 5.4 5.4 5.7 1.6 8.6 5.0 6.9 6.7 1.5 
VSS destruction (%) 81.8 39.7 55.1 74.0 35.6 82.7 37.9 61.1 77.0 34.1 
PN/VSS ratio 0.0394 0.0861 0.074 0.083 0.051 0.0394 0.0861 0.074 0.083 0.051 
N release (g) 0.32 0.38 0.37 0.19 0.13 0.34 0.36 0.47 0.23 0.12 
Closure (%) 77 100 90 78 101 75 84 84 74 103 
 
 
Phase 4 (Day 143-
153) 
R1 100%FW 
R2 100% 
TWAS 
R3 100% 
P-TWAS 
R4 
30%FW+7
0%WAS 
R5 
30%FW
+70%P-
WAS 
R6 
100%F
W+Bioch
ar 
R7 100% 
TWAS+
Biochar 
R8 100% 
P-
TWAS+Bi
ochar 
R9 
30%FW+70
%WAS+Bioc
har 
R10 
30%FW+7
0%P-
WAS+Bioc
har 
Influent SN (g) 0.73 0.27 0.85 0.42 0.80 0.73 0.27 0.85 0.42 0.80 
Effluent SN (g) 1.10 0.72 1.20 0.88 1.10 0.97 0.68 1.00 0.80 0.99 
SN production (g) 0.37 0.45 0.35 0.46 0.30 0.24 0.41 0.15 0.38 0.19 
           
Influent VSS (g) 12.6 12.2 9.3 10.5 8.1 12.6 12.2 9.3 10.5 8.1 
Effluent VSS (g) 3.4 7.0 5.0 4.9 3.9 2.1 6.0 4.7 4.5 2.5 
VSS destruction (g) 3.3 2.3 1.8 2.7 2.3 10.5 6.2 4.6 6.0 5.6 
VSS destruction (%) 26 19 19 26 28 83 51 49 57 69 
PN/VSS ratio 0.0394 0.0861 0.074 0.083 0.051 0.0394 0.0861 0.074 0.083 0.051 
N release (g) 0.36 0.45 0.32 0.46 0.22 0.41 0.54 0.34 0.50 0.29 
Closure (%) 101 100 103 100 108 85 84 84 87 91 
 
164 
 
4.7.7 Synergism 
 
The synergistic impact of FW used as a co-substrate in reactors R4, R5, R9 and R10 and the effect 
of biochar in relation to synergy is shown in Table 4-9. The synergistic effect was estimated based 
on the difference between actual methane produced and the theoretical methane production 
estimated from the mono-digesters. As the OLR increased, the synergistic effect of FW also 
increased.  For example at an OLR of 4 kgCOD/m3.d, the addition of 30% FW to untreated TWAS 
affected a 20% increase in methane above theoretical whereas at an OLR of 8 kgCOD/m3.d, FW 
increased methane production from the untreated TWAS by 30%. For the pretreated TWAS, 
although the synergistic impact of FW addition increased with OLR, it was less pronounced for, 
varying from 6% at 2 kgCOD/m3/d to 18% at 8 kgCOD/m3/d. The impact of biochar on the 
synergistic effect of FW and TWAS co-digestion was insignificant with biochar co-digestion 
reactors exhibiting -3% to +12%. 
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Table 4-13: Synergistic effect of co-digestion 
 
Phase 1 (Day 50-78) R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%P -
TWAS  
R4- 
30%FW70
%TWAS  
R5- 
30%FW70
%P-TWAS  
R6- 
100% 
FW+BC  
R7- 
100%T
WAS+BC  
R8- 
100%P-
TWAS+BC  
R9- 
30%FW
+70%T
WAS+BC  
R10-
30%FW70
%Preated
TWAS+BC  
OLR (kgCOD/m3/day 2 2 2 2 2 2 2 2 2 2 
Average (mLch4/day) at STP 186 100 118 135 149 201 114 123 148 158 
Std 48.0 21.6 31.4 44.2 30.3 39.7 36.9 30.5 36.1 34.6 
CH4 (mL)/gCODadded 310.0 166.7 196.7 225.0 248.3 335.0 190.0 205.0 246.7 263.3 
Theoretical (mL CH4/gCOD)       229.7 234.1       253.8 247.9 
 
 
Phase 2 Day 114-123 R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%P -
TWAS  
R4- 
30%F
W70%
TWAS  
R5- 
30%FW
70%P-
TWAS  
R6- 
100%F
W+BC  
R7- 
100%T
WAS+BC  
R8- 
100%Prea
tedTWAS
+BC  
R9- 
30%FW+7
0%TWAS+
BC  
R10-
30%FW70
%Preated
TWAS+BC  
OLR (kgCOD/m3/day 3 3 3 3 3 3 3 3 3 3 
Average (mLch4/day) at STP 198.0 120.0 130.0 150.0 162.0 232.0 126.0 141.0 169.0 185.0 
Std 48.0 21.6 31.4 44.2 30.3 39.7 36.9 30.5 36.1 34.6 
CH4 (mL)/gCODadded 220.0 133.3 144.4 166.7 180.0 257.8 140.0 156.7 187.8 205.6 
Theoretical (mL CH4/gCOD)       171.5 169.4       191.8 190.0 
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Phase 3 Day 114-123 R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%Pr
etreate
d -
TWAS  
R4- 
30%FW
70%TW
AS  
R5- 
30%FW70
%Pretrea
tedTWAS  
R6- 
100%F
W+BIOC
HAR  
R7- 
100%T
WAS+BI
OCHAR  
R8- 
100%Pr
eatedT
WAS+BI
OCHAR  
R9- 
30%FW
+70%T
WAS+BI
OCHAR  
R10-
30%FW70
%Preated
TWAS+BI
OCHAR  
OLR (kgCOD/m3/day 4 4 4 4 4 4 4 4 4 4 
Average (mLch4/day) at STP 216.0 133.0 149.0 204.0 186.0 220.0 134.0 143.0 196.0 188.0 
Std 48.0 21.6 31.4 44.2 30.3 39.7 36.9 30.5 36.1 34.6 
CH4 (mL)/gCODadded 180.0 110.8 124.2 170.0 155.0 183.3 111.7 119.2 163.3 156.7 
Theoretical (mL CH4/gCOD)       141.3 141.5       143.2 139.1 
 
 
 
Phase 4 Day 143-153 R1-
100% 
FW  
R2-
100% 
TWAS 
R3- 
100%Pr
etreate
d -
TWAS  
R4- 
30%FW
70%TW
AS  
R5- 
30%FW70
%Pretrea
tedTWAS  
R6- 
100%F
W+BIOC
HAR  
R7- 
100%T
WAS+BI
OCHAR  
R8- 
100%Pr
eatedT
WAS+BI
OCHAR  
R9- 
30%FW
+70%T
WAS+BI
OCHAR  
R10-
30%FW70
%Preated
TWAS+BI
OCHAR  
OLR (kgCOD/m3/day 8 8 8 8 8 8 8 8 8 8 
Average (mLch4/day) at STP 220.6 149.0 163.1 224.1 216.1 416.6 281.0 312.8 324.0 355.0 
Std 48.0 21.6 31.4 44.2 30.3 39.7 36.9 30.5 36.1 34.6 
CH4 (mL)/gCODadded 91.9 62.1 68.0 93.4 90.0 173.6 117.1 130.3 135.0 147.9 
Theoretical (mL CH4/gCOD)       72.2 75.9       136.3 144.6 
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4.8        Cost analysis 
 
The objective of this analysis was to assess the economic viability of using biochar to enhance 
anaerobic digestion efficiency both for mono-digestion and co-digestion.  The following 
assumptions for a 10 MGD plant treating typical medium-strength municipal wastewater were 
adopted from Kim et al (2019).   
Biochar dose of 1.6 g/L of feed sludge was spiked into the reactors during the 10 days of 
operation at high OLR and under high ammonia inhibition. 
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Table 4-14: Cost benefit analysis 
Assumptions Unit Value           Ref  
Influent (undigested 
sludge) at 7% solids kg TSS/d 9000           
 Kim et al 
(2019) 
Volatile solids r Kg VSS/d 6000           
 Kim et al 
(2019) 
Inert  kg ISS/d 3000             
Polymer costs for sludge 
dewatering  $3.5/kg polymer and 5 kg polymer per 1000 kg dry solids  
   Kim et al    
(2019) 
Sludge disposal cost $/dry ton solids 100           
Specific methane yield per 
kgVS 
m3CH4/kg at 
STP 0.56             
m3 CH4  MJ and $/GJ 
35.8 MJ and $10 per GJ       
   Kim et al 
(2019) 
Cost of biochar $/kg $2.84         
 Pan et al 
(2019) 
Biochar dose g/L  0.665   of feed sludge      
Daily cost of biochar $/d 242        
Biochar addition results in 2% increase in digested biosolids             
           
Parameter Unit Scenario 1 TWAS mono digestion Scenario 2- FW & TWAS co-digestion 
    Without biochar With biochar 
Without 
biochar With biochar 
VS destroyed  (%) 17 57 28 64 
Total dewatered sludge kg/d 7980  5692* 7320  5263* 
Cost of polymer $/d 40 36 
Sludge disposal cost $/d 229 206 
Net cost $/d 269 242 
Methane cost $/d 204 685 367 770 
Net methane gain $/d 481 403 
Cost of biochar $/d 242 * 
Biochar cost - Net CH4 gain $/d   396     318     
Scenerio 1 
specific methane yields per kg VS = 1.6 pCOD/VSS which yields 1.6 x 0.35mLCH4/gCOD = 0.56 m3 at STP per kg 
*Scenario 1: For 2% increase in TS with biochar = 5580 kg/d * 1.02 = 5692 kg/d 
*Scenario 2: For 2% increase in TS with biochar = 5160 kg/d * 1.02 = 5263 kg/d 
 
Sludge flow rate = 9000 kg TSS/d0.07/1000 = 128m3/d 
Daily cost of biochar = 0.665 x 128 m3/d x 2.84 = $242/d 
Biochar dose = 1.6 g of biochar/0.3L digester volume = 5.33 g/L/10days = 0.53 g/L of feed sludge 
Average of (0.53g/L + 0.8 g/L)/2 = 0.665 g/L 
 
               Total = 5160 kg/d           
 
 
The simple cost benefit analysis presented above clearly demonstrated the financial benefit of 
adding biochar at high OLR that could otherwise cause inhibition to both mono- and co-digestion 
systems. Considering the daily cost of biochar and the incremental methane gain, it can be seen 
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that the use of biochar in AD is cost effective at $85/d which yielded a methane gain of $396/d 
for mono-digestion and $318 /d for co-digestion. 
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Chapter 5 
 
5.0 Conclusions and Recommendations 
 
5.1 Conclusions  
 
In the first study, COD mass balances using data during the steady-state operational period showed 
that COD removal efficiencies for OLR 2 kg/m3/day (Phase 1) based on influent COD and methane 
COD were 39%-41% (R1-R2, PS100%), 36%-39% (R3-R4, TWAS100%), 60%-64% (R5-R7, 
FW100%), 46%-49% (R8-R10, FW10%), and 60%-64% (R11-R13, FW90%). No significant 
differences in COD removal efficiencies were observed between OLR 2 and 3 kg/m3/day. 
However, FW added reactors operated at an OLR of 4 kg/m3/day showed lower COD removal 
efficiencies than the control reactors (OLR 2 kg/m3/day) by 4%-21%. 
The quantified synergistic effect on biogas production for FW10% added reactors in Phase 1 were 
up to 13% while 90%FW added reactors showed insignificant synergistic effect. Food waste co-
digestion enhanced the methane yield by 13% compared with municipal sludge mono-digestion. 
Microbial communities varied between the operational conditions. Among the two major groups 
of hydrolytic bacteria i.e. phylum Bacteroidetes and Firmicutes, Firmicutes contributed more to 
hydrolysis than Bacteroidetes while higher OLR enhanced activity of Bacteroidetes and decreased 
the content of Firmicutes except PS reactors. Clostridium, a hydrolytic bacteria genus, was more 
abundant in municipal sludges mono-digestion than FW digesters.   
Fermentative bacteria were more abundant in FW reactors than other reactors while 
Syntrophomonas was predominant for FW dominant reactors and Clostridium proliferated for PS 
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and TWAS reactors. Among different methanogens, Methanosarcina was abundant for FW added 
reactors in contrast with PS and TWAS reactor and also increased with OLR increase for PS and 
TWAS predominant reactors.    
Statistical relationships between digestion performance and the estimated microbial population 
mass was more plausible than the method using the abundance of the microbes. The estimated 
relationship indicated that Bacteroidetes showed a strong positive correlation with degradation 
rate and methane yield for municipal sludge reactors and FW reactors while Clostridium showed 
a stronger correlation with methane production rate for FW digesters than municipal sludge 
reactors. Syntrophs showed a strong correlation with degradation rate and methane production rate 
for municipal sludge only. Both municipal sludge and FW digesters showed a good correlation 
between aceticlastic methanogens and methane production rate.  
The synergistic effect in co-digestion was attributed to the activity of hydrolytic bacteria, 
Clostridium, Syntrophomonas, syntrophs, Methanosarcina, and Methanobacterium. Particularly, 
Syntrophomonas, Acetivibrio, and Methanobacterium contributed to increased methane 
production per CODadded. Based on the relationship between OLR and microbial community, it can 
be recommended that co-digestion systems operating at low OLR (<0.5 kgCOD/m3/d) should 
increase feeding frequency while those with operating at high OLR (>4 kgCOD/m3/d) should 
decrease feeding frequency to achieve a stable performance without VFA inhibition. 
From the second study, biochar improved both the system performance and stability as a result of 
its ability to adsorb VFA and ammonia which decreased their concentrations. For biochar added 
reactors and throughout the study, the pH was not affected by the increased in OLR, the pH of the 
reactors was maintained within the range of 7.2-7.8 whereas the pH of the non-biochar added 
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reactors continuously drops as the OLR was increased and was supplemented with alkalinity to 
increase the buffering capacity.  
During steady-state operation in Phase 1, the average VFA/Alkalinity ratio for reactors R1-R5 and 
R6-R10 was 0.1 respectively. Phase 2 showed a range of 0.1-0.2 and 0.1 for R1-R5 and R6-R10 
respectively. In phase 3, it ranged from 0.1-0.4 and 0.1-0.2 respectively. And finally, in phase 4, 
the ratio was less than 0.1 for R1-R5 and 0.1-0.2 for R6-R10 after 1.6g of biochar was added to 
reactors R6-R10 to reduce the ammonia inhibition. Throughout the study, there was no record of 
VFA and ammonia inhibition in the biochar added reactors. 
Biochar showed a high capability to retain butyric and propionic acids, finally decreasing the 
concentration of butyric acid from 1200mg/L to 240mg/L and 80% of butyric acid was adsorbed 
after 24 hours, propionic acid concentration was reduced from 1200 mg/L to roughly around 405 
mg/L while the adsorption of acetic acid was less pronounced. 
In phase 1, the average methane production in 100%FW+biochar was 15% higher than the control, 
14% higher in 100% untreated TWAS+biochar, 4% higher in 100% pre-treated TWAS+biochar, 
10% higher in 30%FW+70% untreated TWAS+biochar and 6% higher in 30%FW+70% pre-
treated TWAS+biochar. Subsequently in phase 4, at OLR 8kgCOD/m3/d, the average methane 
production was higher by 89% in 100%FW+biochar, 88% higher in 100% untreated 
TWAS+biochar, 92% higher in 100% pre-treated TWAS+biochar, 45% higher in 30%FW+70% 
untreated TWAS+biochar and 65% higher in 30%FW+70% pre-treated TWAS+biochar. This 
showed that at high OLR, and under the influence of ammonia inhibition, biochar improved 
methane yield of all the digesters especially the digester treating 100% pre-treated TWAS more 
than the digester treating 100% FW.  
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When compared with the control, the biodegradability in biochar added reactors increased by 92% 
for 100% FW reactor, 89% for 100% untreated TWAS reactor, 94% for 100% pre-treated TWAS 
reactor, 44% for 30% FW+70% untreated TWAS reactor, and 62% for 30% FW+70% pretreated 
TWAS reactor. The impact of biochar at low loadings (phase 1) and high loading (phase 4), it can 
be concluded that in the absence of inhibitors, the benefit of biochar is significant. 
The synergistic effect of FW co-digestion with treated and untreated TWAS was significant in the 
control reactors while the synergistic effect was insignificant in biochar added reactors.  The 
synergistic effect of FW co-digestion for the untreated and pre-treated TWAS generally increased 
with OLR, it was more pronounced for the untreated TWAS affecting as much as a 30% increase 
in methane production as compared to 18% for pre-treated TWAS. This is potentially attributed to 
the high soluble fraction of COD in the pre-treated TWAS of 30% as compared to 2% in the 
untreated TWAS. 
 
5.2 Recommendations 
For the first study, based on the relationship between OLR and microbial community, it can be 
recommended that co-digestion systems operating at low OLR (<0.5 kgCOD/m3/d) should 
increase feeding frequency while those with operating at high OLR (>4 kgCOD/m3/d) should 
decrease feeding frequency to achieve a stable performance without VFA inhibition. On the other 
hand, FW to municipal sludge should not be overloaded in other to maximize synergism. 
Based on the findings of the second study, the use of biochar in mitigating inhibition problems in 
AD process is greatly encouraged.  
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Future studies should focus on investigating the beneficial use of biochar added digestate for 
agricultural purpose and the optimum dosage of biochar in a continuous flow anaerobic digester 
at high organic loading rates merits further investigation. 
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Appendices  
Appendix A: Supplementary materials for chapter 3 
Table A-1: Influent and digestate characteristics 
1) Phase 1 
Phase 1 
Day 30-51 
Influent 
(g/L) 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Alkalinity Average 2.8 2.8 3.5 3.6 1.9 2.0 1.9 3.0 3.0 3.0 1.9 2.0 1.8  
Std 0.2 0.2 0.3 0.4 0.4 0.4 0.4 0.2 0.2 0.2 0.6 0.6 0.6 
VFA Average 1.3 1.3 1.9 1.9 2.1 2.1 2.1 2.3 2.3 2.3 2.1 2.1 2.1  
Std 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
TS Average 19.4 21.5 20.4 22.1 17.0 19.0 18.8 18.8 21.5 21.2 17.3 19.9 19.8  
Std 0.1 4.3 1.2 3.3 1.1 4.8 4.3 1.0 6.2 5.5 0.9 5.5 5.4 
VS Average 14.5 16.1 14.8 16.2 13.2 14.8 14.7 14.2 16.4 15.9 13.6 15.5 15.6  
Std 0.3 3.3 0.6 2.7 1.4 4.1 3.9 1.1 4.6 3.7 0.5 4.0 4.0 
TSS Average 16.9 18.7 19.0 20.8 11.7 13.2 13.0 16.0 18.3 17.8 12.3 14.2 14.2  
Std 1.6 3.9 1.0 3.6 0.8 3.6 3.4 1.0 4.9 3.9 0.5 3.9 4.0 
VSS Average 13.6 15.0 14.6 16.0 11.0 12.4 12.3 12.7 14.6 14.2 11.5 13.2 13.2  
Std 1.4 3.3 0.6 2.8 0.7 3.4 3.2 0.9 3.9 3.1 0.4 3.4 3.4 
TCOD Average 28 31 30 33 29 33 33 28 32 32 30 33 33  
Std 2.4 5.7 1.2 6.4 0.9 6.9 6.9 1.4 7.9 7.9 1.1 8.0 8.0 
SCOD Average 2.8 2.6 4.7 5.3 12.2 14.7 14.7 6.4 6.6 6.6 9.7 10.8 10.8  
Std 1.4 1.1 0.8 1.8 1.1 5.9 5.9 2.2 2.6 2.6 5.8 7.3 7.3 
TN Average 1.4 1.6 1.8 2.1 1.3 1.5 1.5 1.6 1.7 1.7 1.2 1.2 1.2  
Std 0.2 0.2 0.3 0.2 0.1 0.3 0.3 0.0 0.1 0.2 0.1 0.1 0.1 
SN Average 0.4 0.4 0.7 0.7 0.9 0.9 0.9 0.6 0.6 0.6 0.9 0.8 0.6  
Std 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.1 0.4 
Amm-N Average 0.1 0.1 0.3 0.3 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.1 0.1  
Std 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.1 
TP Average 0.3 0.3 0.5 0.5 0.1 0.1 0.1 0.4 0.4 0.4 0.1 0.1 0.1  
Std 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SP Average 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1  
Std 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Phase 1 
Day 30-51 
Effluent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Alkalinity Average 5.2 5.2 5.9 5.8 6.2 6.6 5.9 6.0 6.0 5.5 7.2 7.3 7.4  
Std 0.3 0.3 0.5 0.5 0.3 0.8 0.3 0.2 0.2 0.3 0.8 0.6 0.6 
VFA Average 1.2 1.2 0.6 0.8 1.4 2.0 1.9 1.0 1.1 1.2 1.5 1.4 1.6  
Std 0.4 0.4 0.4 0.4 0.5 0.9 0.6 0.3 0.6 0.6 0.5 0.6 0.7 
TS Average 15.5 15.7 16.2 15.4 12.4 15.1 11.7 15.3 15.1 14.1 16.4 16.9 16.9  
Std 0.9 0.9 1.0 0.7 1.4 3.3 1.4 1.1 1.3 0.4 3.6 2.7 2.8 
VS Average 9.3 9.4 9.6 9.3 6.6 7.5 6.8 8.8 8.7 8.5 7.7 7.5 8.0  
Std 0.5 0.4 0.5 0.4 0.5 1.1 0.6 0.3 0.6 0.3 1.2 1.1 1.1 
TSS Average 11.3 12.2 14.5 13.8 7.1 6.7 7.3 12.1 12.2 11.7 7.8 8.1 7.9  
Std 1.5 0.9 1.2 0.8 0.9 1.1 1.1 0.7 0.8 0.7 1.5 1.5 1.3 
VSS Average 8.5 8.5 9.8 9.1 4.8 4.3 4.8 8.0 8.0 7.8 5.1 5.3 5.2  
Std 0.5 0.5 0.9 0.4 0.6 0.8 1.0 0.5 0.8 0.5 1.0 1.1 0.9 
TCOD Average 18 18 19 17 11 12 12 16 17 17 12 12 12  
Std 0.4 1.9 1.5 0.9 1.0 1.7 1.6 1.0 0.7 2.3 2.2 2.1 1.5 
SCOD Average 2.9 3.0 1.5 1.6 2.9 4.2 3.9 2.2 2.2 2.5 2.8 3.2 3.5  
Std 1.0 0.8 0.9 0.5 0.6 1.1 1.2 0.4 0.8 0.9 0.9 2.0 1.4 
TN Average 2.0 2.1 2.4 2.3 2.3 1.9 2.1 2.2 2.3 2.2 2.1 2.0 2.1  
Std 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.5 0.3 0.3 0.7 0.3 0.4 
SN Average 1.2 1.2 1.3 1.4 1.6 1.5 1.5 1.4 1.4 1.2 1.5 1.5 1.4  
Std 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.4 0.4 0.4 0.6 
Amm-N Average 0.8 0.9 1.0 1.0 1.1 0.9 1.1 0.9 1.0 0.8 1.0 0.9 0.9  
Std 0.2 0.2 0.1 0.2 0.3 0.2 0.3 0.2 0.2 0.4 0.5 0.4 0.4 
TP Average 0.3 0.3 0.6 0.6 0.2 0.2 0.2 0.4 0.4 0.4 0.2 0.2 0.2  
Std 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 
SP Average 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1  
Std 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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1) Phase 2 
Phase 2 
Day 52-70 
Influent 
(g/L) 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Alkalinity Average 3.1 3.7 3.6 4.2 2.3 1.8 2.9 3.2 3.7 4.7 2.7 1.6 2.6  
Std 0.1 0.0 0.1 0.2 0.2 0.1 0.2 0.1 0.2 0.0 0.3 0.0 0.5 
VFA Average 3.1 3.7 3.5 4.0 2.2 1.9 2.8 3.1 3.6 4.7 2.5 1.6 2.2  
Std NA NA NA NA NA NA NA NA NA NA NA NA NA 
TS Average 22.0 29.8 18.4 27.3 19.6 29.3 31.1 19.2 31.3 31.7 18.9 29.9 29.3  
Std 0.0 2.7 2.0 0.9 2.4 4.6 8.6 0.7 0.9 3.3 1.4 2.6 2.3 
VS Average 15.1 21.7 13.4 20.2 15.2 23.4 24.2 13.8 23.2 22.6 13.9 22.9 22.9  
Std 0.6 0.9 1.7 0.0 1.3 3.7 5.6 1.1 0.2 1.9 0.6 2.0 2.0 
TSS Average 20.0 27.1 16.3 25.4 11.0 17.3 17.9 15.8 26.3 25.8 10.6 17.3 17.4  
Std 1.5 0.0 1.1 0.2 1.5 3.0 4.4 1.5 0.1 1.7 0.6 2.0 1.9 
VSS Average 15.4 21.2 12.5 19.8 10.3 16.4 16.9 12.4 20.9 20.3 9.8 16.0 16.0  
Std 0.2 0.9 0.7 0.0 1.3 2.6 3.9 1.0 0.2 1.7 0.3 1.4 1.4 
TCOD Average 28.2 41.4 25.6 41.3 25.8 43.6 41.9 27.8 42.6 44.1 26.1 44.2 45.5  
Std 0.5 1.2 1.6 1.7 3.3 5.8 8.1 0.4 1.8 0.9 4.0 3.1 10.5 
SCOD Average 1.0 3.9 3.9 6.2 11.3 17.9 19.1 4.7 7.5 8.0 9.9 14.7 17.0  
Std 0.2 1.3 0.6 0.7 1.2 0.2 2.7 1.7 1.3 0.7 0.4 3.2 1.0 
TN Average 1.3 1.9 1.7 2.3 1.1 2.0 1.6 1.2 1.9 1.9 1.5 1.5 1.8  
Std 0.6 0.6 0.3 0.2 0.1 0.7 0.3 0.3 0.4 0.3 0.4 0.1 0.5 
SN Average 0.2 0.3 0.7 0.8 0.7 1.1 1.0 0.4 0.6 0.6 0.6 1.1 1.0  
Std 0.1 0.1 0.2 0.4 0.2 0.3 0.2 0.1 0.2 0.4 0.3 0.3 0.2 
Amm-N Average 0.1 0.1 0.2 0.4 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.7 0.1  
Std 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.7 0.0 
TP Average 0.3 0.5 0.5 0.5 0.3 0.3 0.2 0.3 0.4 0.3 0.1 0.3 0.4  
Std 0.0 0.1 0.1 0.2 0.0 0.2 0.1 0.0 0.1 0.4 0.0 0.1 0.2 
SP Average 0.01 0.03 0.03 0.02 0.03 0.11 0.10 0.02 0.01 0.03 0.04 0.07 0.1  
Std 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 
Phase 2 
Day 52-70 
Effluent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Alkalinity Average 5.4 5.7 6.0 6.4 5.9 6.1 6.5 5.6 6.1 6.2 5.8 6.6 6.9  
Std 0.2 0.2 0.3 0.1 0.2 0.7 0.6 0.1 0.2 0.5 0.2 0.3 0.3 
VFA Average 0.5 1.2 0.8 0.8 1.5 3.3 2.2 0.8 0.9 0.6 1.3 1.8 1.7  
Std 0.2 0.3 0.2 0.4 0.8 2.2 1.0 0.2 0.3 0.2 0.6 1.0 1.0 
TS Average 16.3 16.9 17.0 17.0 13.6 13.8 13.7 15.1 16.0 16.1 14.0 15.1 15.8  
Std 1.9 3.3 0.9 1.6 3.1 3.4 3.5 2.3 3.3 2.7 1.7 3.0 2.7 
VS Average 8.9 9.8 10.4 10.5 6.9 7.4 7.2 8.4 9.1 8.9 6.9 7.8 7.8  
Std 0.5 0.5 0.9 0.8 0.6 0.5 0.7 0.5 0.6 0.5 0.7 0.5 0.4 
TSS Average 12.3 12.7 15.9 14.8 7.2 7.9 7.4 11.8 12.8 12.8 6.1 7.6 7.2  
Std 0.5 2.1 2.2 1.9 1.3 2.8 2.6 1.1 2.1 3.9 1.6 1.6 2.2 
VSS Average 8.7 8.5 10.4 9.7 5.2 4.8 4.9 7.7 8.4 8.6 4.2 5.5 5.2  
Std 0.4 1.1 1.8 1.1 0.6 0.4 1.6 0.6 1.4 2.6 1.0 0.8 1.2 
TCOD Average 16 19 18 22 10 15 13 15 18 17 10 12 13  
Std 0.9 0.7 2.1 1.8 1.1 2.2 2.6 1.4 0.8 2.6 1.3 1.4 0.9 
SCOD Average 1.4 2.3 1.7 2.3 1.9 5.1 3.6 1.4 1.6 1.3 2.2 2.8 3.6  
Std 1.2 1.2 0.9 1.1 1.0 2.9 1.5 1.1 1.2 0.7 1.1 1.8 2.4 
TN Average 1.6 1.9 2.1 2.4 1.6 1.7 1.7 1.7 1.9 1.9 1.5 1.8 1.6  
Std 0.3 0.2 0.3 0.6 0.3 0.2 0.2 0.2 0.2 0.3 0.3 0.1 0.3 
SN Average 1.0 1.0 1.1 1.3 1.0 1.1 1.0 0.9 1.1 1.0 1.0 1.3 1.3  
Std 0.5 0.2 0.3 0.1 0.1 0.2 0.2 0.4 0.2 0.1 0.2 0.5 0.7 
Amm-N Average 0.5 0.6 0.6 0.7 0.6 0.7 0.7 0.6 0.7 0.7 0.6 0.7 0.7  
Std 0.1 0.0 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.1 
TP Average 0.3 0.4 0.6 0.6 0.2 0.3 0.2 0.4 0.4 0.4 0.2 0.2 0.2  
Std 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 
SP Average 0.03 0.02 0.01 0.03 0.03 0.03 0.05 0.04 0.03 0.03 0.02 0.03 0.04  
Std 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 
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2) Phase 3 
Phase 3 
Day 71-99 
Influent 
(g/L) 
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Alkalinity Average 2.7 3.6 3.1 4.2 2.2 1.2 2.7 2.6 3.9 5.9 2.1 1.1 2.6  
Std 0.1 0.5 0.2 0.5 0.3 0.4 0.5 0.4 0.5 0.2 0.2 0.3 0.1 
VFA Average N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A  
Std N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
TS Average 19 35 19 35 19 33 36 19 34 35 20 35 38  
Std 1.1 2.3 0.2 2.0 2.3 3.3 3.9 1.6 1.9 2.3 2.2 3.3 3.4 
VS Average 14 26 14 26 15 28 29 14 26 26 16 29 31  
Std 1.1 2.1 0.5 2.1 2.2 3.1 3.7 1.6 1.7 1.9 2.2 3.0 3.1 
TSS Average 18 36 20 36 14 25 25 16 33 35 13 24 25  
Std 1.7 1.0 3.8 1.7 5.0 5.2 5.8 1.5 1.5 2.8 4.8 3.8 3.7 
VSS Average 15 27 14 26 13 22 23 13 25 26 11 21 22  
Std 1.4 3.5 3.1 4.5 4.0 4.7 5.0 1.2 2.9 3.8 3.4 3.7 4.0 
TCOD Average 28 57 29 59 30 58 57 27 57 59 29 60 59  
Std 2 3 4 4 3 2 1 1 3 2 2 3 3 
SCOD Average 2 4 3 6 9 21 20 4 9 10 10 21 20  
Std 1 1 1 2 5 6 7 2 3 1 4 7 8 
TN Average 1.6 2.6 1.8 2.7 1.7 2.8 2.6 1.6 3.2 3.0 1.3 2.7 2.5  
Std 0.7 1.0 0.8 1.1 0.7 1.3 1.2 1.0 1.6 1.3 0.7 1.4 1.3 
SN Average 0.6 0.8 0.9 0.9 0.7 1.1 1.1 0.6 0.9 0.7 0.7 1.2 1.4  
Std 0.4 0.3 0.3 0.5 0.3 0.2 0.2 0.1 0.3 0.3 0.2 0.2 0.4 
Amm-N Average 0.2 0.3 0.2 0.4 0.1 0.2 0.2 0.3 0.4 0.4 0.1 0.2 0.2  
Std 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.1 
TP Average 1.1 1.0 1.2 1.2 0.6 1.1 1.1 0.9 1.1 0.9 0.6 1.1 1.1  
Std 1.1 0.6 1.0 0.3 0.6 1.1 1.1 0.8 0.7 0.3 0.6 1.1 1.1 
SP Average 0.04 0.07 0.04 0.07 0.08 0.20 0.22 0.05 0.10 0.11 0.13 0.19 0.20  
Std 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 
Phase 3 
Day 71-99 
Effluent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
Alkalinity Average 4.8 6.3 5.2 7.0 5.2 6.1 6.9 5.1 7.0 8.0 5.4 6.2 7.6  
Std 0.4 0.5 0.5 0.8 0.5 0.4 0.3 0.3 0.5 0.9 0.3 0.7 0.5 
VFA Average 0.70 0.61 0.60 0.50 1.45 2.64 4.08 0.44 0.65 0.66 0.70 3.28 2.60  
Std 0.6 0.5 0.4 0.2 1.3 2.2 2.8 0.2 0.3 0.4 0.4 2.0 2.1 
TS Average 16 21 16 22 13 16 16 15 20 23 13 15 19  
Std 1.8 3.1 1.3 3.6 1.7 2.8 2.0 1.8 3.4 5.1 1.6 1.8 4.5 
VS Average 8 12 9 13 6 9 9 8 12 12 6 9 11  
Std 1.0 1.6 1.2 2.0 1.0 1.7 1.3 0.8 2.0 2.0 1.2 1.4 3.4 
TSS Average 12 20 13 19 6 11 9 11 19 18 5 9 9  
Std 1.8 3.0 0.9 5.7 1.1 4.7 1.8 0.8 1.8 3.3 1.2 1.1 1.1 
VSS Average 8 12 8 14 4 7 6 7 11 11 4 6 6  
Std 0.5 2.1 1.0 2.8 0.9 2.8 1.3 0.6 2.4 2.6 0.8 0.8 1.2 
TCOD Average 13 23 15 27 8 20 18 12 23 22 7 18 16  
Std 1 2 1 2 1 5 4 1 2 2 1 4 3 
SCOD Average 1 1 1 1 2 5 8 1 1 1 1 6 5  
Std 0 0 0 0 2 3 3 0 0 0 1 2 3 
TN Average 1.3 2.2 1.5 2.5 1.2 2.0 2.1 1.3 2.3 2.3 1.1 2.0 2.0  
Std 0.2 0.6 0.2 0.4 0.3 0.3 0.4 0.2 0.3 0.4 0.2 0.4 0.2 
SN Average 0.7 1.0 0.9 1.2 0.9 1.2 1.3 0.8 1.2 1.1 0.8 1.3 1.3  
Std 0.3 0.2 0.2 0.1 0.4 0.2 0.2 0.1 0.2 0.2 0.1 0.2 0.2 
Amm-N Average 0.5 0.8 0.6 1.0 0.6 0.9 1.0 0.6 0.9 0.9 0.6 1.0 0.9  
Std 0.0 0.2 0.1 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.3 
TP Average 0.3 0.6 0.5 0.9 0.1 0.4 0.3 0.4 0.6 0.7 0.2 0.3 0.3  
Std 0.0 0.1 0.0 0.1 0.1 0.2 0.0 0.0 0.1 0.1 0.1 0.0 0.0 
SP Average 0.04 0.05 0.04 0.06 0.06 0.10 0.13 0.04 0.06 0.06 0.06 0.12 0.10  
Std 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 
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Figure A-1: Comparison of daily methane production between the different concentrations 
of feed alkalinity 
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Appendix B: Supplementary materials for chapter 4 
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Figure B-1. Feedstock correlations 
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Figure B-2a. Effluent/Digestate correlations (Without biochar) 
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Figure B-2b. Effluent/Digestate correlations (With biochar) 
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Table B-1: Influent and digestate characteristics 
Phase 1 (Day 
10-37) 
Influent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
Alkalinity 
gCaCO3 
Average 6.2 5.8 6.1 7.0 6.9 6.2 5.8 6.1 7.0 6.9 
  Std 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.1 
TN Average 2.4 2.8 2.6 2.7 2.5 2.4 2.8 2.6 2.6 2.6 
  Stdev 0.4 0.4 0.4 0.3 0.6 0.4 0.4 0.4 0.5 0.4 
SN Average 1.7 1.3 1.9 1.2 1.8 1.7 1.2 1.9 1.2 1.9 
  Stdev 0.3 0.3 0.3 0.3 0.5 0.3 0.5 0.4 0.3 0.4 
Amm-N Average 0.4 0.6 0.5 0.6 0.5 0.4 0.6 0.5 0.6 0.5 
  Stdev 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.1 0.0 
TS Average 22.6 26.9 25.5 24.8 22.9 21.5 26.5 25.0 24.4 22.7 
  Stdev 1.9 1.3 1.7 1.8 1.7 1.8 1.3 1.9 1.6 1.7 
VS Average 18.2 19.7 18.5 18.8 17.2 17.8 19.4 18.2 18.5 17.2 
  Stdev 1.9 1.3 1.5 1.8 1.7 1.7 1.2 1.5 1.7 1.7 
TSS Average 14.2 26.2 19.1 21.1 16.4 14.1 25.9 19.0 20.8 16.4 
  Stdev 1.4 2.2 2.3 1.7 1.6 1.6 2.0 2.3 1.3 1.6 
VSS Average 16.7 22.1 18.5 20.1 20.3 15.6 22 19.8 20.2 20.0 
  Stdev 1.2 3.7 3.2 2.8 2.5 1.3 3.7 3.2 2.8 2.5 
TCOD Average 41.3 41.2 42.0 40.5 40.3 40.7 40.8 41.7 40.8 40.4 
  Stdev 1.2 1.5 0.8 0.7 0.3 0.5 0.9 0.7 1.1 0.3 
SCOD Average 13.0 6.6 13.2 10.2 9.1 13.2 6.5 12.3 9.2 8.1 
  Stdev 0.5 0.2 0.4 0.2 0.5 0.4 0.2 0.7 0.2 0.5 
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Phase 1 (Day 
10-37) 
Effluent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
pH Average 7.6 7.5 7.5 7.5 7.4 7.4 7.4 7.4 7.4 7.4 
  Std 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Alkalinity Average 6.8 5.9 5.8 6.2 5.8 5.8 5.5 5.3 5.5 5.3 
  Std 0.4 0.4 0.6 0.3 0.4 0.6 0.4 0.3 0.4 0.3 
VFA Average 0.4 0.2 0.5 0.2 0.4 0.2 0.2 0.3 0.2 0.3 
  Std 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.2 
TN Average 2.7 2.9 2.6 2.9 2.7 2.7 2.8 2.8 2.8 2.8 
  Stdev 0.5 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.2 0.3 
SN Average 1.7 1.5 1.7 1.7 1.7 1.7 1.6 1.8 1.6 1.6 
  Stdev 0.4 0.3 0.3 0.3 0.4 0.4 0.3 0.4 0.3 0.3 
Amm-N Average 1.3 1.2 1.3 1.4 1.2 1.2 1.1 1.2 1.2 1.2 
  Stdev 0.5 0.3 0.4 0.4 0.4 0.4 0.3 0.3 0.4 0.3 
TS Average 19.3 25.0 22.4 23.4 21.4 18.9 25.4 22.9 23.9 20.7 
  Stdev 6.3 4.2 7.4 4.6 5.5 6.2 4.1 7.2 4.5 5.4 
VS Average 9.6 13.7 11.7 12.5 11.1 10.6 13.9 12.6 13.4 12.8 
  Stdev 3.3 1.8 3.8 2.3 2.8 3.2 1.7 3.9 2.5 3.1 
TSS Average 17.2 25.1 20.9 22.6 19.5 18.2 26.1 21.2 23.4 19.9 
  Stdev 7.7 5.1 8.9 5.9 6.5 7.9 5.3 9.1 6.1 6.6 
VSS Average 4.5 12.3 10.2 7.6 7.8 4.4 11.3 10.2 7.2 6.6 
  Stdev 3.5 1.9 2.0 2.7 2.9 3.8 2.2 2.1 2.9 3.1 
TCOD Average 11.0 20.9 19.4 14.3 13.3 8.7 18.6 17.3 12.8 11.6 
  Stdev 6.5 3.1 2.9 4.6 4.7 3.2 2.8 2.2 4.1 4.2 
SCOD Average 1.7 1.2 2.5 1.2 1.8 1.5 1.2 2.3 1.0 1.6 
  Stdev 1.3 0.8 1.0 0.6 0.7 1.2 0.7 0.9 0.9 0.6 
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Phase 2 (Day 68-78) 
Influent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
AlkalinitygCaCO3/L Average 2.9 3.6 3.9 2.7 3.7 2.9 3.6 3.9 2.7 3.7 
  Std 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.1 
TN Average 2.9 4.1 3.7 3.5 3.4 2.9 4.1 3.7 3.5 3.4 
  Stdev 0.4 0.2 0.3 0.3 0.4 0.4 0.2 0.3 0.3 0.4 
SN Average 2.1 1.7 2.5 1.8 2.5 2.1 1.7 2.5 1.8 2.5 
  Stdev 0.2 0.4 0.4 0.6 0.2 0.2 0.4 0.4 0.6 0.2 
Amm-N Average 0.7 0.2 0.3 0.5 0.7 0.5 0.1 0.2 0.4 0.6 
  Stdev 0.2 0.2 0.1 0.0 0.1 0.2 0.2 0.1 0.0 0.1 
TS Average 32.7 41.6 37.6 33.9 34.8 32.7 41.6 37.6 33.9 34.8 
  Stdev 1.9 0.7 1.0 1.7 1.5 1.9 0.7 1.0 1.7 1.5 
VS Average 27.3 30.5 27.4 26.0 26.9 27.3 30.5 27.4 26.0 26.9 
  Stdev 1.8 0.9 0.9 1.5 1.8 1.8 0.9 0.9 1.5 1.8 
TSS Average 22.7 43.2 30.8 29.6 26.2 22.7 43.2 30.8 29.6 26.2 
  Stdev 0.7 2.0 0.9 1.7 0.4 0.7 2.0 0.9 1.7 0.4 
VSS Average 21.6 25.3 25.5 24.2 21.5 21.6 25.8 27.5 24.2 20.5 
  Stdev 0.6 1.9 0.8 1.6 0.2 0.6 1.9 0.8 1.6 0.2 
TCOD Average 62.8 65.5 65.3 65.3 60.1 62.8 65.5 65.3 65.3 60.1 
  Stdev 0.6 0.2 0.2 0.5 0.5 0.6 0.2 0.2 0.5 0.5 
SCOD Average 29.1 22.1 18.4 18.2 23.3 29.1 22.1 18.4 18.2 23.3 
  Stdev 0.5 0.4 0.5 0.6 0.5 0.5 0.4 0.5 0.6 0.5 
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Phase 2 (Day 68-78) 
Effluent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
pH Average 7.6 7.5 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6 
  Std 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Alkalinity 
gCaCO3/L 
Average 
7.4 7.3 7.1 7.5 7.0 7.3 7.3 6.8 7.2 6.9 
  Std 0.2 0.3 0.4 0.4 0.6 0.3 0.5 0.5 0.3 0.4 
VFA Average 1.2 0.8 1.0 0.6 1.0 1.1 0.5 0.7 0.5 1.0 
  Std 0.9 0.8 0.2 0.5 0.6 0.6 0.5 0.2 0.4 0.5 
TN Average 3.1 4.1 3.8 3.6 3.5 3.0 3.6 3.5 3.3 3.1 
  Stdev 0.3 0.2 0.2 0.3 0.2 0.1 0.2 0.2 0.1 0.3 
SN Average 2.5 2.0 2.3 2.4 2.3 2.0 2.1 2.3 2.2 2.1 
  Stdev 0.5 0.2 0.1 0.6 0.1 0.1 0.2 0.2 0.1 0.2 
Amm-N Average 0.8 0.4 0.4 0.6 0.8 0.7 0.3 0.3 0.5 0.7 
  Stdev 0.1 0.2 0.1 0.1 0.0 0.1 0.2 0.1 0.1 0.1 
TS Average 15.5 27.9 24.1 21.1 21.9 16.5 28.6 25.5 23.4 23.6 
  Stdev 1.9 1.9 1.0 1.6 1.4 1.8 2.0 1.3 1.7 1.5 
VS Average 8.4 17.0 13.7 12.5 12.0 9.2 18.3 14.2 13.1 13.5 
  Stdev 0.7 1.4 1.0 1.0 0.9 0.8 1.3 1.1 1.2 0.9 
TSS Average 12.8 27.4 22.2 19.1 19.4 13.6 26.7 22.3 20.4 20.1 
  Stdev 1.7 1.8 1.0 1.7 2.4 1.8 1.7 1.2 1.7 2.3 
VSS Average 10.3 16.7 14.5 15.6 12.4 11.7 17.2 15.4 15.0 12.0 
  Stdev 1.6 1.2 1.0 1.5 1.2 1.7 1.3 1.0 1.4 1.2 
TCOD Average 17.8 36.9 31.3 29.0 26.3 13.8 32.6 27.2 25.4 23.9 
  Stdev 2.6 2.8 2.3 2.6 2.2 2.5 2.7 2.2 2.6 2.1 
SCOD Average 2.0 2.1 4.1 1.9 3.3 2.2 2.0 3.9 1.8 2.0 
  Stdev 1.5 1.3 0.6 0.7 0.8 1.4 1.2 0.5 0.5 0.9 
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Phase 3 (Day 114-
123) 
Influent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
AlkalinitygCaCO3/L Average 2.9 3.6 3.9 2.7 3.7 2.9 3.6 3.9 2.7 3.7 
  Std 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.1 
TN Average 3.4 4.4 4.0 4.0 3.9 3.4 4.5 4.1 4.0 4.0 
  Stdev 0.2 0.3 0.2 0.1 0.1 0.2 0.2 0.1 0.1 0.1 
SN Average 2.9 2.0 2.8 2.3 3.0 2.8 1.6 2.8 2.3 3.0 
  Stdev 0.0 0.6 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 
Amm-N Average 0.7 0.8 0.8 0.9 0.8 0.7 0.8 0.8 0.9 0.8 
  Stdev 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
TS Average 32.7 41.6 37.6 33.9 34.8 32.7 41.6 37.6 33.9 34.8 
  Stdev 1.9 0.7 1.0 1.7 1.5 1.9 0.7 1.0 1.7 1.5 
VS Average 27.3 30.5 27.4 26.0 26.9 27.3 30.5 27.4 26.0 26.9 
  Stdev 1.8 0.9 0.9 1.5 1.8 1.8 0.9 0.9 1.5 1.8 
TSS Average 22.7 43.2 30.8 29.6 26.2 22.7 43.2 30.8 29.6 26.2 
  Stdev 0.7 2.0 0.9 1.7 0.4 0.7 2.0 0.9 1.7 0.4 
VSS Average 21.6 25.3 25.5 24.2 21.5 21.6 25.8 27.5 24.2 20.5 
  Stdev 0.6 1.9 0.8 1.6 0.2 0.6 1.9 0.8 1.6 0.2 
TCOD Average 81.3 80.9 81.5 81.3 79.3 81.3 80.9 81.5 81.3 79.3 
  Stdev 0.6 0.2 0.2 0.5 0.5 0.6 0.2 0.2 0.5 0.5 
SCOD Average 44.6 23.1 24.3 23.3 30.5 44.6 23.1 24.3 23.3 30.5 
  Stdev 0.5 0.4 0.5 0.6 0.5 0.5 0.4 0.5 0.6 0.5 
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Phase 3 (Day 114-
123) 
Effluent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
pH Average 7.7 7.8 7.7 7.9 7.9 7.7 7.8 7.8 7.9 7.8 
  Std 0.1 0.1 0.1 0.1 0.1 0.3 0.1 0.1 0.1 0.1 
Alkalinity 
gCaCO3/L 
Average 
9.8 9.1 8.3 9.0 8.9 9.8 9.8 8.7 9.6 9.3 
  Std 1.0 0.6 0.8 0.5 0.5 0.9 1.1 0.8 0.9 0.7 
VFA Average 3.2 0.5 1.3 0.5 0.9 3.5 0.7 1.2 0.5 1.0 
  Std 0.9 0.2 0.3 0.1 0.1 0.6 0.4 0.1 0.1 0.3 
TN Average 3.2 3.6 3.3 3.4 3.2 2.7 3.5 3.4 3.2 3.1 
  Stdev 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 
SN Average 2.2 1.9 2.2 2.2 2.2 2.1 1.8 2.2 2.1 2.0 
  Stdev 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.1 0.1 
Amm-N Average 1.4 1.3 1.3 1.4 1.3 1.3 1.3 1.3 1.4 1.3 
  Stdev 0.1 0.2 0.1 0.1 0.0 0.1 0.2 0.1 0.1 0.1 
TS Average 24.4 39.9 36.5 32.8 27.0 23.9 40.2 38.5 32.9 27.2 
  Stdev 1.9 1.9 1.0 1.6 1.4 1.8 2.0 1.3 1.7 1.5 
VS Average 12.4 24.0 20.5 19.0 15.8 12.5 24.1 20.5 19.1 15.6 
  Stdev 0.4 1.0 1.9 0.5 0.3 0.4 1.2 2.0 0.6 0.4 
TSS Average 19.1 36.3 31.0 29.1 21.4 19.7 36.3 31.3 27.6 21.6 
  Stdev 1.7 1.8 1.0 1.7 2.4 1.8 1.7 1.2 1.7 2.3 
VSS Average 12.1 26.2 20.3 18.8 13.6 13.5 25.3 20.7 19.7 14.2 
  Stdev 1.6 1.2 1.0 1.5 1.2 1.7 1.3 1.0 1.4 1.2 
TCOD Average 38.8 54.7 51.5 41.1 44.6 38.1 54.6 52.8 42.7 44.2 
  Stdev 2.6 2.8 2.3 2.6 2.2 2.5 2.7 2.2 2.6 2.1 
SCOD Average 5.5 1.9 5.5 3.4 2.7 3.7 4.6 4.6 4.4 4.3 
  Stdev 1.5 1.3 0.6 0.7 0.8 1.4 1.2 0.5 0.5 0.9 
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Phase 4a (Day 133-
142) 
Influent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
AlkalinitygCaCO3/L Average 2.9 3.6 3.9 2.7 3.7 2.9 3.6 3.9 2.7 3.7 
  Std 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.1 
TN Average 6.9 7.8 8.4 7.3 7.9 6.9 7.8 8.4 7.3 7.9 
  Stdev 0.1 0.1 0.3 0.2 0.1 0.1 0.1 0.3 0.2 0.1 
SN Average 4.8 1.8 5.7 3.0 5.1 4.8 1.8 5.7 3.0 5.1 
  Stdev 0.1 0.1 0.1 0.2 0.3 0.1 0.1 0.1 0.2 0.3 
Amm-N Average 0.9 0.9 1.6 1.0 1.4 0.9 0.9 1.6 1.0 1.4 
  Stdev 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.2 0.1 
TS Average 83.3 98.9 96.1 90.3 91.3 83.3 98.9 96.1 90.3 91.3 
  Stdev 1.1 1.2 0.6 0.9 1.1 1.1 1.2 0.6 0.9 1.1 
VS Average 71.4 75.1 73.6 71.7 72.5 71.4 75.1 73.6 71.7 72.5 
  Stdev 1.1 0.4 0.8 0.7 1.0 1.1 0.4 0.8 0.7 1.0 
TSS Average 79.2 107.0 84.3 86.4 69.3 79.2 107.0 84.3 86.4 69.3 
  Stdev 1.2 2.1 1.3 0.9 0.5 1.2 2.1 1.3 0.9 0.5 
VSS Average 73.2 82.3 62.4 70.0 55.8 73.2 82.3 62.4 70.0 55.8 
  Stdev 1.0 1.1 1.1 1.6 0.8 1.0 1.1 1.1 1.6 0.8 
TCOD Average 161.2 160.9 161.5 161.3 160.3 160.8 162.9 163.5 161.3 163.3 
  Stdev 0.6 0.2 0.2 0.5 0.5 0.6 0.2 0.2 0.5 0.5 
SCOD Average 65.1 29.2 25.3 27.7 52.5 65.1 29.2 25.3 27.7 52.5 
  Stdev 1.3 0.5 0.4 1.1 1.1 1.3 0.5 0.4 1.1 1.1 
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Phase 4b (Day 
143-153) 
Effluent 
(g/L) R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
pH Average 8.0 7.9 8.0 8.1 8.1 7.9 7.9 8.0 8.0 8.0 
  Std 0.1 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.2 0.1 
Alkalinity 
gCaCO3/L 
Average 
11.6 12.1 12.6 13.0 13.2 11.6 12.1 12.6 13.0 13.2 
  Std 1.0 0.6 0.8 0.5 0.5 0.9 1.1 0.8 0.9 0.7 
VFA Average 1.3 1.1 1.3 1.2 1.2 1.3 1.1 1.3 1.2 1.2 
  Std 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
TN Average 5.5 6.5 7.2 6.4 6.5 4.5 5.5 5.8 5.1 4.8 
  Stdev 0.3 0.3 0.5 0.4 0.4 0.4 0.3 0.5 0.4 0.4 
SN Average 4.4 3.4 4.7 3.6 4.3 3.3 3.4 4.7 3.6 3.3 
  Stdev 0.5 0.2 0.4 0.1 0.3 0.5 0.2 0.4 0.1 0.3 
Amm-N Average 2.5 2.4 2.9 2.4 3.0 0.8 0.7 0.8 0.9 0.9 
  Stdev 0.4 0.5 0.4 0.3 0.2 0.6 0.6 0.2 0.6 0.3 
TS Average 32.1 63.2 54.9 49.7 45.6 35.7 66.9 58.4 53.5 48.3 
  Stdev 2.5 3.2 4.4 2.8 2.9 1.4 3.2 4.4 2.8 2.9 
VS Average 21.0 64.1 36.6 56.3 30.1 18.4 32.3 29.8 25.6 24.5 
  Stdev 2.4 2.3 3.0 1.8 2.4 1.5 2.3 3.0 1.8 2.4 
TSS Average 25.1 57.8 51.1 45.5 39.0 28.2 60.3 55.2 48.6 41.1 
  Stdev 1.8 2.2 3.2 1.7 3.1 1.2 2.2 3.2 1.7 3.1 
VSS Average 19.0 39.6 34.3 31.4 27.1 17.3 31.4 29.5 27.6 20.3 
  Stdev 1.1 1.4 2.7 1.6 2.5 1.5 1.4 2.7 1.6 2.5 
TCOD Average 116.9 131.0 127.6 115.9 118.2 81.2 106.0 101.5 99.1 93.7 
  Stdev 2.6 2.8 2.3 2.6 2.2 2.5 2.7 2.2 2.6 2.1 
SCOD Average 4.0 3.9 6.7 4.5 8.7 4.0 3.9 6.7 4.5 8.7 
  Stdev 0.2 0.1 0.3 0.2 0.5 0.2 0.1 0.3 0.2 0.5 
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Table B2: VFA adsorption  
  
Concentration 
(mg/L)     % Absorbed 
Adsorption 
Capacity 
Qe (mg/g)     
Time 
(hr) Acetic Butyric Propionic Acetic Butyric Propionic Acetic Butyric Propionic 
0 1200 1200 1200 1.7 16.7 6.7 0.0 0.0 0.0 
2 1180 1000 1120 3.3 58.3 16.7 2.5 25.0 10.0 
4 1160 500 1000 1.7 83.3 25.0 5.0 87.5 25.0 
6 1180 200 900 4.2 91.7 16.7 2.5 125.0 37.5 
8 1150 100 1000 6.7 91.7 25.0 6.3 137.5 25.0 
10 1120 100 900 5.0 89.2 16.7 10.0 137.5 37.5 
12 1140 130 1000 4.2 85.8 33.3 7.5 133.8 25.0 
14 1150 170 800 8.3 84.2 50.0 6.3 128.8 50.0 
16 1100 190 600 5.8 83.3 54.2 12.5 126.3 75.0 
18 1130 200 550 1.7 80.8 58.3 8.8 125.0 81.3 
20 1180 230 500 6.7 80.0 60.0 2.5 121.3 87.5 
22 1120 240 480 6.7 80.0 65.8 10.0 120.0 90.0 
24 1120 240 410 6.7 80.0 66.3 10.0 120.0 98.8 
25 1120 240 405 6.7 80.0 66.3 10.0 120.0 99.4 
 
Table B-3: Ammonia adsorption 
Time (hr) NH4-CL (mg/L) % Adsorbed Qe (mg/g) 
0 1400 7.1 0.0 
2 1300 28.6 12.5 
4 1000 35.7 50.0 
6 900 50.0 62.5 
8 700 71.4 87.5 
10 400 78.6 125.0 
12 300 73.6 137.5 
14 370 75.0 128.8 
16 350 72.9 131.3 
18 380 80.0 127.5 
20 280 80.0 140.0 
22 280 80.0 140.0 
24 280 80.0 140.0 
25 280 80.0 140.0 
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Table B-: Characteristics of biochar 
Parameter Unit Value 
TCOD g/g biochar 1.9 ± 0.04 
SCOD g/g biochar 0 ± 0.00 
TSS g/g biochar 0.97 ± 0.01 
VSS g/g biochar 0.89 ± 0.00 
TS g/g biochar 0.98 ± 0.00 
VS g/g biochar 0.92 ± 0.02 
TN g/g biochar 0.2 ± 0.01 
SN g/g biochar 0.1 ± 0.00 
Amm-N g/g biochar 0.2 ± 0.00 
%Moisture Content % 4.15 ± 0.01 
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Table B-5: Summary of VFA concentration 
 
  g/L  
R1-
10% 
FW  
R2-
100% 
TWAS 
R3- 
100%Pretre
ated -TWAS  
R4- 
30%FW
70%T
WAS  
R5- 
30%FW7
0%Pretre
atedTWA
S  
R6- 
100%FW
+BIOCH
AR  
R7- 
100%TW
AS+BIO
CHAR  
R8- 
100%Pre
atedTWA
S+BIOC
HAR  
R9- 
30%FW+70%
TWAS+BIOC
HAR  
R10-
30%FW70%Pre
atedTWAS+BIO
CHAR  
Phase1 Average 0.4 0.2 0.5 0.2 0.4 0.2 0.2 0.3 0.2 0.3 
(Day 2-
38) Stdev 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.2 
Phase 2 Average 1.2 0.8 1.0 0.6 1.0 1.1 0.5 0.7 0.5 1.0 
(Day 40-
80) Stdev 0.9 0.8 0.2 0.5 0.6 0.6 0.5 0.2 0.4 0.5 
Phase 3 Average 3.2 0.5 1.3 0.5 0.9 3.5 0.7 1.2 0.5 1.0 
(Day 85-
110) Stdev 0.9 0.2 0.3 0.1 0.1 0.6 0.4 0.1 0.1 0.3 
Phase 4a Average 1.3 1.1 1.3 1.2 1.2 1.3 1.1 1.3 1.2 1.2 
(Day 
133-142) Stdev 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Phase 4b Average 1.4 1.2 1.3 1.1 1.3 0.6 0.8 0.7 0.5 0.6 
(Day 
143-153) Stdev 0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.0 
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Table B-6: Summary of VFA/Alkalinity ratio 
    
R1-
100
% 
FW  
R2-
100% 
TWA
S 
R3- 
100%Pretreat
ed -TWAS  
R4- 
30%FW70
%TWAS  
R5- 
30%FW70%Pre
treatedTWAS  
R6- 
100%FW+B
IOCHAR  
R7- 
100%TWA
S+BIOCHA
R  
R8- 
100%Preat
edTWAS+B
IOCHAR  
R9- 
30%FW+70
%TWAS+B
IOCHAR  
R10-
30%FW70%Preat
edTWAS+BIOCH
AR  
Phase
1 Average 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.0 0.1 
(Day 
2-38) Stdev 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 
Phase 
2 Average 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
(Day 
40-
80) Stdev 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.1 
Phase 
3 Average 0.3 0.1 0.1 0.1 0.1 0.4 0.1 0.1 0.0 0.1 
(Day 
85-
110) Stdev 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.1 
Phase 
4 Average 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
(Day 
133-
142) Stdev 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Figure B-3: Daily methane production at STP 
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